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SUMMARY

A design and development program was conducted in an attempt to ad-
vance the state-of-the-art of solid-propellant rocket motor technology beyond
its status at the time of contract in August 1961. The primary program objec-
tive was the design of a 36-inch-diameter spherical motor having a higher pro-
pellant specific impulse and a higher propellant mass fraction than that of any
existing rocket motor. The prototype motor design was to incorporate a propel-
lant formulation and component design concepts which had been successfully tested
during the course of the program. Final static firing evaluation was to be con-

ducted in 17-inch-diameter subscale motors.

The use of hydrazine nitroform (HNF) in a beryllium-containing,
plasticized nitrocellulose binder‘was investigated as a means of meeting the re-
quirement for a propellant significantly higher in performance than available
state-of-the-art propellants. The thermodynamic specific-impulse values at
standard conditions of such formulations are in the vicinity of 288 to 290
lb-sec/1b.

The chemistry of HNF with respect to other propellant ingredients was
intensively studied. 1t was found that the presence of ferric oxide and moisture
as impurities in HNF results in a catalytic oxidation in which both NO and N20
are evolved. Elimination of the impuritics greatly improves thermal stability,
The presence of trace quantities of moisture in propellant formulation results
in hydrolysis of ester-type plasticizers (ec.g., triacetin), which, in turn, re-
#ults in degradation of HNF. It was therefore necessary to eliminate or reduce
the concintration of such plasticizers in the formulation. The stability of
trimethylolethane trinitrate (TMETN)-plasticized formulations was satisfactory.

It was found that the as-received needle-shaped HNF could be ultra-
sonically recrystallized to obtain symmetrical particles. This advance re-
sulted in higher solids loadings, improved processing characteristics, lower

burning rate, and lower pressure exponent.
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Burning rates and pressure exponents were measured in a strand burner
for many formulations. The design of the 17-inch subscale motor required a burn-
ing rate of 0.23 in/sec and a pressure exponent less than 0.5 at a pressure of
700 psia. These parameters were achieved in formulations containing ester-type
plasticizers (which had to be rejected because of stability considerations),
but could not be achieved in the stable TMETN-plasticized formulations.

In an effort to obtain a propellant which would have satisfactory
burning rates and pressure exponents for the 17-inch motor design, attention
was directed to a TMETN-plasticized polyurethane binder containing beryllium
and HNF. The thermodynamic specific impulse values at standard conditions of
such formulations are in the vicinity of 293 lb-sec/lb. In a JPL X-535 poly-
urethane binder, the polypropylene glycol dissolves some of the HNF which in
turn reacts with toluene diisocyanate (TDI). To overcome this obstacle, a non-
glycol prepolymer based on castor oil and TDI was used. To improve process-
ability as well as performance, TMETN was added to the system, Two test motors
were satisfactorily loaded with the resulting formulation, but both motors
failed in static firing because of an excessively high pressure exponent. Re-
placing half of the HNF with ammonium perchlorate reduced the pressure exponent
to 0.55 and the thermodynamic specific impulse at standard conditions to 287
lb-sec/lb. Two small test motors containing the aluminum analog of this propel-
lant were satisfactorily fabricated and fired. This promising work had to he
discontinued because of time and budgetary limitations.

A beryllium-containing polyurethane propellant oxidized with ammonium
perchlorate was tailored for use in testing of the 17-inch subscale motor. The
theoretical specific impulse values at standard conditions of such formulations
are in the vicinity of 283 lb-sec/lb.

Problems were encountered in obtaining reproducible cures with the
beryllium-polyurethane propellants. The cause of these difficulties was found
to be associated with the beryllium powder. The curing problem was resolved by
the judicious spectficstion of the beryllium powder and by formulating and proc-
essing techniques.

ii
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A small-scale static firing program was conducted to optimize the
propellant performance. Forty-two firings were conducted at both sea-level and
simulated-altitude conditions in standard Rohm and Haas 6Cll.4 test motors con-
taining a nominal 10 pounds of propellant. Specific impulse efficiencies ob-
tained from the simulated-altitude firings were found to be significantly lower
than those obtained from sea-level firings. These differences in efficiencies
were attributed to losses from super-cooling of the metal oxide during the ex-
pansion process at the higher nozzle expansion ratios utilized in the simulated
altityde firings. One of the propellants investigated in this program, Arcane 38,
was static fired at a higher thrust level in a subsequent program (Contract AF
04(611)-8180) giving a delivered specific impulse (at standard conditions and a
15-degree cone angle) of 260 lb-sec/lb.

A spherical grain was designed for the 36-inch-diameter motor to af-
ford the maximum attainable loading density compatible with a nearly constant
burning surface. Scaling of grain dimensions for the l17-inch motor gave a web
of 5.11 inches and a burning time of 21.7 seconds. Minor dimensional adjust~-
ments were subsequently effected to counteract regressive burning characteris-

tics exhibited in the subscale motor firings.

Two types of 17-inch-diameter subscale motors were designed for static
firing tests: a heavy-walled steel motor and a titanium motor of flightweight
wall thickness. The steel case was fabricated from AISI 4130 steel and had a
wall thickness of 0.075 inch; the titanium case consisted of 6AL-4V titanium
alloy and had a wall thickness of 0.030 inch. 8ix steel and seven titanium
cases vere fabricated. All of the heavy-walled steel motors were statically
fired; the firing of titanium units was prohibited by the depletion of con-
tractual fund allocations. The titanium case was determined to be of adequate
strength in a hydrostatic pressure test of 1,150 psig, conducted at the Wyle
Laboratories, E1 Segundo, California. Based of the results of this test, a
minimum-weight, 36-inch-diameter titanium spherical motor case was designed in
accordance with the stress criteria specified by the Jet Propulsion Laboratory.

114
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An asbestos-phenolic nozzle with a graphite nezzle-throat insert was
designed to be’completely submerged within the lub;clle motor case. In the
initial design, the nozzle was to be reéained by attachments fiotened to the
motor case by means of the studs in the case flungg. Subsequent tensilg fail-
ures in the 17-inch motor firing program and in hydrostatic pPressure tests, hoy-
ever, showed this design to be unsuitable, The subscale nozzle was therefore
redesigned to incorporate a heavy steel retaining ring in place of the integral
flange on the'asbeston-phenolic cone. The nozzle for the full-scale, 36-inch
spherical motor was designed to have an optimum contour and to include a dif-
fuser section affording & greater norzle expansion ratio. After the redesign
of the subscale nozzle, the nozzle for the 36-inch motor was modified to in-
corporate a titanium retention flange as part of the diffuser section rather

than as an integral part of the submerged nozzle cone.

The igniter designed for test in the subscale motor firings was to-
roidal in shape and constructed from a nylon tube contninin; two U.S. Flare
908B squibs and 10 to 15 grams of U.S. Flare 2D ignition pellets. This igni-
tion system, however, guvé excessive ignition delays. The development of an
integral noszzle closure and igniter to correct this problem was initiated but
not completed becayse of the depletion of funds.

Of the six heavy-wnlled»subacale motors fired during the pProgram,
three were loaded with beryllium-éontgining propellants of the Arcane 40
series and three with Arcane 42 propellant, the aluminum analog of Arcane 40,
Two of the analog propellant firings were successful; one motor burned for 22
seconds and the other for 18.7 seconds. Three of the four remaining motors
failed because of nogzle expulsion problems; the fourth malfunctioned on igni-
tion as the result of an explosive ctnoopﬁcro created by a 20-second hang-fire
situation.

The propellant mass fraction of the tinal_prototypc 3é-inch spherical
motor assembly design was calculated to be 0.922, A weight reduction in noszle
components was considered to be a feasible approach to achieving & higher ratio.

iv
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INTRODUCTION
/60 0¢

This report covers the work accomplished by the Atlantic Research
Corporation in the development of an advanced state-of-the-art high-performance
solid-propellant rocket motor for the Jet Propulsion Laboratory of the Califor-
nia Institute of Technology. The general approach was to develop a high-
performance propellant formulation and to demonstrate the motor design in a
series of 1l7-inch-diameter subscale motor firings. The program, authorized
under JPL contract 950097, was initiated on the 3rd of August, 1961 and was
terminated on the 22nd of August 1962.

The major portion of the effort was devoted to the investigation of
a high-energy hydrazine nitroform (HNF)-beryllium propellant system. Major
problems were encountered with this system which required an extensive labora-
tory effort in an attempt to establish its feasibility. Late in the program,
after it was established that the HNF-beryllium system was not feasible for this
motor application, the propellant development effort was directed to the tailor-
ing of a polyurethane-ammonium perchlorate-beryllium system. This propellant,
Arcane 40, was characterized and its performance determined by firing 10 pound
motors in the Atlantic Research simulated altitude facility. As a result of fhe
extended difficulties encountered during the propellant development phase of
the program only a small portion of the total effort was devoted towards hard-
ware development. A grain design affording a level pressure-time characteristic
was developed, and a 17-inch 6AL-4V titanium case was designed and tested
hydrostatically.

Although the initial program objective of demonstrating a high-

performance motor was not accomplished, some significant contributions were made

in propellant technology. ec%( )Qu THOE
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I. DEVELOPMENT AND EVALUATION OF
A HYDRAZINE NITROFORM PROPELLANT

INTRODUCTION AND SUMMARY

Hydrazine nitroform (HNF) was used in an effort to develop a high-
specific-impulse propsllant meeting contractual performance requirements.
Theoretical calculations indicated that the use of HNF iﬁ either double-base,
single-base, or polyurethane-type binders with beryllium as the fuel would re-
sult in specific impulses in the region of 290 lb-sec/lb under standard con-
ditions. In late 1961, howaver, it became evident that propellant develop-
ment work on HNF was not proceeding as aﬁticiputcd. The motor design required
a propellant with a low pressure exponent and burning rate, but it was found
that these could not be achieved., At a conference at the Jet Propuinion Lab-
oratory in November 1961, it was mutually igroud to concentrate the motor
effort on polyurethane propellants while still attempting to bring the HNF
propsllant to a more fully developed state.

This section summarizes Ehe state-of-the-art of hydrciine nitroform
and ‘propellants incorporating hydrazine nitroform (HNF) as a result of work
done under this contract. In thias effort, thulchomiltry of hydrazine nitroform
was studied with respect to nitrocellulose blllticillrl,‘thi components of
polyurethane binders, and the effects of ferric oxide and moilfuri impurities.
The as-received hydrazine nitroform was ultrlloniclllyTrocxyltalliaad from parti-
cles with a length-to~diameter ratio of 10:1 to particles with a 1dngthsto-
diameter ratio of 1:1. The more lymmetrical'particlos facilitated propellant
processing, solids loading, and improvéd strand ballistics. The sea:ievel
and altitude theoretical specific impulse and theoretical flame temperature
were calculated for a number of systems in which hydrazine nitroform was the
oxidizer and beryllium was the fuel, and hydrazine nitroform was successfully
incorporated into a double-base formulation plasticized with trimethylolethane
trinitrate (TMETN), a modified polyurethane formulation, and a TMETN-plasticized
polyurethane formulation. Two 1/4-pound motors were fired using the TMETIN-
plasticized polyurethane formulation.

-3-
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THE CHEMISTRY OF HYDRAZINE NITROFORM

The reaction of nitroform with bases has been studied in detail by
Hercules Powder Company1 and U, S. Rubber Companyz. Hercules described a
synthesis of hydrazine dinitroform, but further investigation by the Naval
Propellant Plant3 showed the product of this reaction had properties which
more closely resembled tetrazines than hydrazine nitroform. Johnson and
Taylor of the Naval Ordnance Laboratory4 reported a synthesis of the mono-
nitroform salt and described some of its properties. At that time, however,
the compound was considered too sensitive for further development. No further
work was done until 1960, when Lovett and Brown of Esso Research and Engineer-
ing Company5 reported that the compound had sufficient thermal stability for-
Propellant applications and that calculations showed the substitution of
hydrazine nitroform (HNF) for ammonium perchlorate increased specific impulse
by 8 to 12 seconds. On the basis of this information, the Bureau of Naval
Weapons requested the Naval Propellant Plant to consider this compound as an

oxidizer for a new high-energy propellant.

1Hercules Powder Company, Monthly Progress Report 12. D, L. Kouba, et al.,
NOrd 9925, July 1, 1949. CONFIDENTIAL

U. §S. Rubber Company, Incorporated, Synthesis of New Explosives and Pro-
Pellants. NOrd 10129, October 1, 1948 - February 9, 1949,

U. S. Naval Propellant Plant, R-8 Monthly Progress Report. October -
December 1960. CONFIDENTIAL

4Naval Ordnance Laboratory, Guanidine Nitroformate and Hydrazine Nitro-
formate as Possible New High Explosives. NavOrd 2125, July 11, 1951.
CONFIDENTIAL

5Esso Research and Engineering Company, Quarterly Progress Report on
Research on Advanced Solid Propellants. Report 170. 60 - 2, March 11 -
July 10, 1960. CONFIDENTIAL

2

3




ATLANTIC RESEARCH CORPORATION m

ALEXANDRIA,VIRGINIA ARC-SR-23A1

Beilstein1 reports two forms of nitroform:

)
o P
C = N-OH HC —--'NO2
N02 N02
aci-form trinitromethane
m.p. 50°C m.p. 16°C

The aci-form is the type of enolization that occurs with most nitro compounds,

but in the case of nitroform, this structure is apparently more stable.

The reaction of nitroform and hydrazine to form hydrazine nitroform

is a neutralization reaction.

NO 0 +
I 2 T H 0 /NO2
N2H4 + ? = N OH NHZNH2 ON = C\k
0
NO2 2
HC(N02)3

At the Naval Propellant Plant2 the reaction is carried out in a methanol
solution, after which the crude HNF 1is precipitated from methanol by éarbon
tetrachloride, filtered, redissolved in methanol, and recrystallized. The
pPH of the resulting HNF and its environment is extremely critical. If the
PH value is appreciably greater than 5.0 or less than 4.5, either hydrazine
or nitroform is liberated. In the presence of moisture, hydrolysis will
liberate active hydrazine and nitroform which may react or decompose to form

gaseous products when in contact with other propellant ingredients.

1Beilstein, Friedrich Konrad, Beilsteins Handbuch Der Organischen Chemie.
Vol. I, 4th Edition. Berlin: Springer-Verlag, 1948, p. 116.

2U. S. Naval Propellant Plant, TMR-188, Hydrazine Nitroform, Its Synthesis

and Properties. W. Blankenship, et al., June 1, 1961. CONFIDENTIAL

7
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As a result of an apparent stability problem in propellant systems
incorporating HNF as the oxidizer, an extensive investigation of the chemical
reactions of HNF was conducted. The general chemical reactions of HNF are

summarized in Table I.

Several things are immediately apparent from Table I. The normal
(nitroglycerin or trimethylolethane trinitrate plasticized) double-base sys-
tems seem to be the. only inherently stable systems for HNF, provided there is
no moisture or other impurities present. However, both moisture and a ferric

oxide impurity were found to be Present.

The mechanism of decomposition in the above case was the hydrolysis
of the HNF by the moisture present into hydrazine and nitroform, and then the
reduction of the Fe, O, by the hydrazine to Fe and FeO with the corresponding

23

oxidation of the Fe and FeO by the nitroform back to FE203. The products

of decomposition yielded both N20 and NO as analyzed by mass spectrometer.
Since the as-received HNF is dissolved in methanol and ultrasonically
recrystallized before use, a simple filtration of the HNF-saturated methanol
solution prior to recrystallization proved to be adequate for removal of the
impurity. The HNF manufacturers now are filtering their material prior to

crystallization.

It also appears that water hydrolyzes most ester-type nitrocellulose
plasticizers. The resultant hydrolyzed ester products react with HNF and
Produce gassing over long periods of time, depending on the particular ester

used.

Another reaction of particular interest is the condensation reaction1
between isocyanates and HNF. This highly exothermic reaction will not take

place unless there is a third agent present in solution that will first

1U. S. Naval Propellant Plant, State-of-the-Art Review of Propellant Formu-

lations Containing Hydrazine Nitroform. JANAF-ARPA-NASA Solid Propellant
Group, Bulletin of 18th Meeting, G. A. Kalvin, et al., Volume II, June
1962. CONFIDENTIAL

] 4
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TABIE 1

GENERAL CHEMICAL REACTIONS OF HNF

1. Organic and Inorgant cids

+ -
H H 0

slow
decomposes
23°c at 25°C
2. fmine or Alkal{
w1t “40% w
nlnzuu + Nﬂzﬂﬂz‘ C(Noz)3 - Rllzl!IC(Noz)3 + unzuaz
amines hydranine
3. Anhydride

0
' 4 +
c H 60°C
N decomposition
’,0 * [NHZNH%] [C(NOZ)S]h = “cff°z)3 + products

wt o+ c(mz);

4, Hydrazine

'R "40 to 100%
NHZNHZ + NHZNHZ C(N02)3 - combustion products
fuel oxidizer

3. Hydrolysip

n|?* " HOW
N, | (cmo,), 2 NHNH) + HC(NO,),

it
+ L
H + C(mz)3

9
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TABLE I (cont'd)

6. Metal Oxides

+ -
H 25 to 100°C
decomposition products
NH,NH c(NO,) + Fe,0 -~
272 273 273 8low including NZO
autocatalytic
7. Garbonyls
i ' r ) i i decomposition
RCHO + | NH,NH, c(No,), = [Rrc = NNH,C(NO,),] + HOH = products
i 1* ~ slow i decomposition
RZC =0+ NHZNHZJ C(NOZ)J - RZC “N- NHZC(NOZ)Z! - products
8. Esters
H + ) slow 89 H
NH,NH c(No,) + RCOOR = RC-N'NH, + ROH + HC(NO,)
2772 273 HOH 2 273

Rate of reaction depends upon ester.

9. NG + NC*

w|* -

RONO2 + NHZNH2 C(Noz)3 = no reaction

Stabilize each other,

10, Isocyanates

H 80°C "
RNCO + [NH MM, |lc(¥0,)y| = é-wf-wm, + ac‘(r:oz)3

+ -
H + c(m2)3

*U.§. Naval Propellant Plant. TMR-188. Hydrazine Nitroform, Its Synthesis and
Properties. W. Blankenship, et al. June 1, 1961. Confidential

-8-
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dissolve the HNF. This third agent is commonly the glycol in most poly-
urethane binders. HNF and toluene diisocyanate have been mixed together and
kept at 50°C for 144 hours without apparent reaction. However, when HNF and
Polypropylene glycol 2025 were mixed at 50°C, decomposition occurred within
10 hours.

As a result of the need to obtain high solid loadings and to modify
the burning rate and pressure exponent of HNF-containing propellant systems,
ultrasonic recrystallization was used to obtain more symmetrical (L/Dwl)
particles. Figure I-1 compares the as-received HNF and the recrystallized
material under the same magnification. The length-to-diameter ratio was modi-

fied from approximately 10:1 to 1:1.

HNF PROPELLANT SYSTEMS

Table II presents a summary of the theoretical specific impulse at
sea level and at altitude (expansion ratio at altitude of 50:1) and the
theoretical flame temperature for all the major systems considered. Figure
I-2 gives the theoretical vacuum specific impulse as a function of area ratio

for different contents of JPL polyurethane binder.

Table III presents a general summary of the major HNF propellant
systems on which work has been concentrated. As can be seen, only the TMETN
double-base and TMETN-plasticized polyurethane systems have the processability,
stability, and physical properties required. However, the ballistic properties
of both systems were unacceptably high for the program requirements
(rb @ 700 psi = 0.23 in/sec, n £ 0.3).

Shock Sensitivity
The aluminum analog (Arcocel 184) of the HNF-beryllium-TMETN plasti-

cized double-base system was tested for shock sensitivity. A miniaturized
card-gap test employing the standard apparatus normally used for card-gap

testing of liquids was used. The test consists essentially of the detonation

» PRS-
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25%

40%

407%

25%

27%

35%

40%

18%

20%

22%

22%

24%

267%

TABLE 11

SPECIFIC IMPULSE AND FLAME TEMPERATURE FOR
SEVERAL BERYLLIUM-CONTAINING SYSTEMS

System

PEG 200/NC
HNF

TMETN /NC
HNF

TMETN/DBS/NC
HNF

DBS /DBP/NC
HNF

DBS/DBP/NC
HNF /AP

TA/NC
HNF

TA/NC
HNF

PU(JPL)

PU/TMETN(1/1)
HNF

PU/TMETN(1/1)
HNF

PU/TMETN(1/1)
HNF

972

T
c

K
3707
4004
3576

2527
3327
3519
3214
3410
3275
3140
3620

3580

3510

11000/14.7

(1b-sec/1b)
292.6
288.5
291.5
291.2
285.9
285.1
280.0
293.3
291.5
288
293.5

293.3

293.0

-10-
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Liac 50/1
(1b-sec/1b)
357
355
356
350
344.5

348.5

337.5
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of a '"booster" or '"donor" explosive by a detonator and the attenuation of the
resulting shock wave by a series of cellulose acetate cards placed between
the donor and the acceptor. The number of cards placed between the donor and
acceptor defines the "card gap" for that system. The actual determination

of the detonation or nondetonation of the acceptor would require a measure-
ment of the velocity of propagation of the shock wave through the acceptor
charge. Since this is costly and difficult, the criterion for a detonation
of the acceptor charge is established as the complete perforation of a steel
witness plate placed above the acceptor charge. This criterion correlates
adequately with actual velocity measurements. The card-gap test assembly is
illustrated in Figure I-3. The detonator used in this case was a Corps of
Engineers special blasting cap which was inserted into a8 cork base attached
to the cardboard tube housing the assembly. On the cork base rested a tetryl
pellet 1 inch high by 1-5/8 inches in diameter and weighing approximately

50 grams. The gap cards were cellulose acetate discs 1-5/8 inches in diameter
and 0.01 inch thick. The container for the acceptor propellant charge was a
section of nominal 1-inch schedule-40 steel pipe faced in a lathe to a length
of 3.0 inches. 1Its inside surface was carefully cleaned by sandblasting to
provide a good bond between the propellant and the wall of the container.

Cork spacers were used to hold the sample tightly against the cards. Finally,
the witness plate was a piece of cold-rolled, mild-steel plate 4 inches square
by 3/8 inch thick.

The test proceeded generally as follows: the propellant was mixed,
cast, deaerated, and cured by remote techniques in the processing bay. Each
sample contained about 70 grams of Propellant and was cured for about 2 hours
at 55°C. Departing somewhat from standard explosives techniques because of
the requirement for remote handling of the acceptor charge, the detonator
was armed, tested for continuity, and placed in its cork holder in the card-
board housing with the cards and tetryl pellet inserted prior to being moved
into the processing bay. The cardboard tube was then carefully placed on a

portable steel pedestal mounted on an overhead trolley and remotely transported

-12-
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el TARGET PLATE
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Figure I-3. Card-Gap Sensitivity Test Assembly.
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into the bay. Inside the bay, the acceptor charge and witness plate were
placed on the assembly. The entire pedestal assembly was remotely trans-
ported to a 4 X 4 X 4 foot pit lined with l-inch steel plates and was re-
motely lowered into place. Finally, a trolley-mounted blasting mat woven
from 5/8-inch-diameter cable was lowered over the pit to contain the shrapnel
and deflect the shock wave of the detonation. Figure I-4 illustrates these

procedures and pictures this equipment.

Twelve tests were performed with the Arcocel 184 formulation. Re-
sults are shown in Table IV. The data indicate a sensitivity for the Arcocel

184 formulation of about 195 cards, or 1.95 inches, at the 50-percent level.

Particle Size Effects

A study was conducted to determine the effect of the HNF particle

size on the burning rate and pressure exponent of a propellant system. Table V
summarizes the results and shows that the more symmetrical (L/Dnl) and smaller
the oxidizer particle, the lower the burning rate and pressure exponent. Sub-
stitution of beryllium seemed to increase both the pressure exponent and burn-
ing rate. With the recrystallized HNF, it has been possible to obtain similar
burning rates and pressure exponents in double-base and some single-base formu-
lations oxidized by either AP or HNF. This comparison is shown in Figure I-5
for a triacetin-plasticized nitrocellulose formulation using beryllium as the

fuel.

Formulations and Test Results

The incorporation of HNF in a polyurethane binder necessitated the
use of only prepolymer type binders. If a JPL X-535 type binder was used,
the PPG-2025 dissolved some of the HNF which in turn reacted with the TDI.
Even in the prepolymer type system, there was a tendency for the HNF crystals

to absorb the prepolymer. This absorption resulted in a highly viscous mix.

With the use of a non-solvation agent such as TDI which preferen-

tially wetted the HNF surface and resisted the absorption of the prepolymer,

-13-
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TABLE IV
RESULTS OF CARD-GAP TESTS ON ARCOCEL 184
Test Card
Number Temperature Gap Result
1 40°F 200 + (positive)
2 300 - (negative)
3 250 -
4 225 -
5 200 -
6 190 +
7 195 -
8 190 +
9 195 +
10 200 -
11 195 +
12 200 -
Estimated 50-percent point 195
Formulation of Arcocel 184
12.80 percent Aluminum
47.20 " HNF
13.30 " Nitrocellulose (12.6% N)
16.70 " TMETN
2.00 " TEGDN
4.00 " Dibutyl phthalate
4.00 " Dibutyl sebacate
-14-
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® 35 % BINDER- HNF
v 35 % BINDER -AP
& 50% BINDER-AP
® 40% BINDER-HNF
o
R 10
K
e
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33 2
5 st |
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3 o/ A ,Z '
4
0.0/
/0 100 /000 /0000

PRESSURE (psia)

Figure I-8. Burning Rates for Formulations
of Triacetin-Nitrocellulose Binder,
Be, and Either HNF or AP.
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TABLE V
EFFECT OF PARTICLE SIZE ON BURNING

RATE AND PRESSURE EXPONENT

Hydrazine Burning Rate
Nitroform @700 psi

Particles (in/sec)

200+ (L/D =~ 10) 0.36

S0 (L/D & 2) 0.23

2004/50 = 1:1 Mix 0.28

Formulation Percent
Nitrocellulose 10.0
Dibutyl Sebacate 12.0
Dibutyl Phthalate 5.0
Aluminum® 16.9
Hydrazine Nitroform 56.1

ARC-SR-23A1

Pressure
Exponent

@700 psi
1.0
0.76
0.89

a Substitution of beryllium for aluminum increases both burning rate

Pressure exponent.

-15-
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& castable aluminum-containing mix at the 20 percent binder level was made.
However, the incorporation of beryllium at this binder content level resulted

in an uncastable system.

A new approach was taken by the use of a non-glycol prepolymer.
The prepolymer was made from castor oil and TDI with castor oil also being
used as the cross-linking agent. FeAA was effective as a catalyst in this
system. At 20 percent binder content, a beryllium-fueled mix was still too

viscous to be castable by standard techniques.

It was found that trimethylolethane trinitrate (TMETIN) was compatible

with the binder components being used. Two 1/4-pound motors1 were cast with
an aluminum-fueled propellant containing 26 percent of nitro-plasticized poly-
urethane binder. The binder-to-plasticizer (TMEIN) ratios were 3:1 and 1:1.
These motors were cured at 50°C for 18 hours. When fired, both motors ignited,
reached a 550 psi chamber pressure, lost pressure, and burned out at ambient
pressure. The strand ballistic data showed a pressure exponent of 1 for both
motor formulations. With the particular geometric configuration and formu-
lation ballistic properties, the effect of a high pressure exponent would be
for the motors to ignite and then reduce pressure to ambient rather than to
explode. In the equation: 1
KABD 1-n
Pe = |ac,

t D

where:

s~}
i

chamber pressure

burning rate constant

>
[}

B burning surface area

.
"

throat area

lFormulation shown on Figure I-5.
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CD = discharge coefficient
n = pressure exponent
p = propellant density
KABp
the term 3 C. | was slightly less than one for both motors. With n = 1 and
t D
BP
INGRA 1, the chamber pressure approaches zero.
t D

A series of additives was investigated in an effort to reduce the
pressure exponent to an acceptable level. Some of the additives tried were
ammonium oxalate, lithium fluoride, and a cab-o-sil coating of the oxidizer
particles. Both ammonium oxalate and lithium fluoride reduced the pressure
exponent from one to between 0.6 and 0.7 at the 2-percent level. However,
the theoretical sea-level specific impulse was also reduced to around
285 lb-sec/1b. The replacement of 50 percent of the HNF by ammonium per-
chlorate only lowered the thecretical specific impulse to 287 lb-sec/1b and
reduced the pressure exponent to 0.55 at 500 psi.

Two aluminized 1/4-pound motors were again cast with a binder-to-
plasticizer ratio of 1:1 and 26 percent of total plasticizer and binder.
Both motors fired successfully. Only the chamber pressure was recorded for
both firings.

Both motors fired at a chamber pressure approximately half that of
the designed pressure. The chamber pressures were 185 psi and 375 psi. A
comparison of the motor and strand burning rates is shown in Figure I-6,
The motor burning rates are higher than the strand burning rates at the same
pressure, but the pressure exponent appears to be somewhat lower in the motors.
However, more motor data are needed before this trend can be confirmed. The
theoretical discharge coefficient for the formulation was 0.00622. The meas-
ured discharge coefficients were 0.00686 and 0.00704. The CD efficiencies
were 90.7 percent and 88.4 percent. The pressure trace of one of the firings
is shown in Figure I-7. There was a 0.16-second delay between the ignition
pressure peak and the development of full chamber pressure. No residue was

found in the motor after firing.

-17-
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CONCLUSIONS

The work on HNF systems performed under this program has led to the

following general conclusions about the nature of hydrazine nitroform pro-

pellants:

(1) TMETN-plasticized double-base formulations with HNF oxidizer
appear to have the best over-all stability, processability, physical proper-
ties and ballistic properties.

(2) HNF can be incorporated in a polyurethane binder to give a
thermally stable system provided that the polyurethane is a non-glycol

(such as castor oil) TDI-prepolymer-type binder.

(3) In polyurethane and nitroplasticized-polyurethane formulations
where there is a high HNF solids loading, the pressure exponent approaches

1 in the strand ballistic data.

(4) The presence of water hydrolyzes almost any ester-type nitro-
cellulose plasticizer, which results in the degradation of HNF in the

formulation.

(5) The presence of ferric oxide and moisture as an impurity in HNF
will result in a catalytic oxidation-reduction degradation of the HNF in

which both NO and NZO are given off.

(6) The as-received needle-shaped (L/Das10) HNF can be ultrason-
ically recrystallized to obtain more symmetrical particles (L/Dsl). This

allows much higher solids loadings and better formulation processability.

(7) The more symmetrical (L/Dxl) and the smaller the HNF oxidizer

particle, the lower the burning rate and the pressure exponent.

(8) Substitution of beryllium for aluminum in an HNF-oxidized

system appears to increase both burning rate and pressure exponent.

9) Motor burning rates of HNF-oxidized, nitroplasticized poly-

urethane propellants appear to be higher than the strand burning rates.

-18-
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Weight
Ingredient Per Cent A Motor
Polyurethane 13.00
TMETN 13.00 ® Strand
HNF 27.85
AP 27.85
Al 18.30
2.0
§ 1.0 ‘!/
5 08 T
< 0.8 I
= 0.4 7
2 Wi
2 2ol
E 0.2 L
m ' FaN 0
0.1 h
100 1000 10,000

PRESSURE (psi)

Figure I-6. Motor and Strand Ballistic Data.
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(10) Lithium fluoride and ammonium oxalate appear to be effective
pressure-exponent depressants at the 2-percent level for HNF-polyurethane

systems, but degrade the thermodynamic performance to an unacceptable level.

(11)  Substitution of ammonium Perchlorate for HNF appears to re-
duce the pressure exponent, burning rate, and thermodynamic performance

proportional to the amount of HNF replaced.

(12) The theoretical thermodynamic performance, stability, process-
ability, physical properties and ballistic Properties of a TMETN-plasticized
polyurethane (1:1 ratio) propellant oxidized with 50 percent HNF and 50 per-
cent ammonium perchlorate is equivalent to a IMETN-plasticized double-base
formulation oxidized by HNF alone.

-19-
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Il. TAILORING AND TESTING OF
POLYURETHANE PROPELLANT

BACKGROUND AND INTRODUCTION

Atlantic Research Corporation has participated in polyurethane propellant
research and development for several years.  The original beryllium-containing
propellant, developed under Air Force Contract No. AF 33(161)-6623, was a prepolymer-
based polyurethane formulation. 1In the preliminary work, with beryllium-containing
formulation safety was of primary importance, but as familiarity with techniques for
handling beryllium powders was gained, it became ﬁosaible to use more complex
binders. Since the physical properties of the prepolymer-based propellants were

not optimum, improved binders were required.

Early in 1961, Atlantic Research began to use the JPL X535 polyurefhnne
binder. These propellants are easily processed and have adequate pot life; the
cured materials have excellent physical properties. They have been static fired
in 10- and 50-pound cylindrical and 50-pound spherical motors. This work was
conducted under an Air Force contraét (AF 04(611)-7017) with the objective of
tailoring beryllium-containing polyurethane propellants for upper-stage appli-
cations. The program began in March 1961 and continued through the end of that

year.

This program was conducted concurrently with a program (Contract AF
04(611)-7037) for delivery of six 17-inch spherical motors of beryllium-contain-
ing polyurethane propellant—three for static firing andAthree for use as fourth
stage of the Blue Scout Junior vehicle. To meet static testing and delivery
schedule requirements, these motors were loaded with a prepolymer-based beryllium-
containing polyurethane propellant which had been developed by Atlantic Research.
Subsequent to the selection of the propellant for the Blue Scout Junior application,
the tailoring program resulted in an improvement in the binder physical proper-
ties of the polyurethane system. Investigations of the effect of binder content,
beryllium particle size, and thrust level on specific~impulse efficiency also

continued.

-21-
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Binder physical properties were improved by the use of JPL-type
polyurethane binders. Tensile strengths of 100 psi with elongations of 100
percent were measured at room temperature with beryllium propellants con-

taining 20 percent of the JPL binder.

The results of static firings in this program are summarized in
Table I. The data obtained from the 50-pound cylindrical motor firings are
not believed to be valid. The inconsistencies in the data are believed to
have been dynamic effects on the load cell due to the rapid and extreme pressures

generated in the closed firing tunnel by a motor of this size.

A summary of physical property data from this program is presented in
Table II. Typical values for propellants with 20 or 22 percent prepolymer bind-
ers are 60 to 70 psi tensile strength, 30 to 40 percent ultimate elongation,
and 300 to 600 psi Young's modulus.

In the discussion of HNF propellants it was pointed out that in late
1961 it was decided to shift development effort for the 17-inch spherical motor
to a polyurethane propellant. A discussion of the tailoring and testing of this
propellant follows; the work described was carried out at the Atlantic Research

facilities described in Appendix B of this report.

POLYURETHANE PROPELIANT DEVELOPMENT

Propellant Tailoring Program

The tailoring program proposed included both 10~ and 50-pound motor
firings during the final quarter of 1962. There were four distinct phases:

(1) aluminum-containing control rounds
(2) beryllium powder evaluaticn
(3) confirmation firings

(4) firings to determine the effect of scale-up

Phase 1 involved the fabrication and static firing of ten aluminum-
containing polyurethane control vounds which would be made throughout the 10-

pound program. These grains would provide controls for comparison with the
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TABLE 11

PHYSICAL PROPERTIES OF POLYURETHANE PROPELLANTS
CONTAINING ALUMINUM OR BERYLLIUM AND OXIDIZED WITH AMMONIUM PERCHLORATE.

Physical Properties at 70°F

Binder Ultimate Ultimate Young's
Arcane Binder Content Tensile Elongation Modulus
Number Metal Type (percent) (psi) (percent) (psi)
30 Al JPL 20 130 T0 200
38 Be JPL 20 140 50 500
39 Be JPL 18 100 60 600
~24-
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various beryllium-containing polyurethane propellants being evaluated. The
propellant chosen was Arcane 42, an OMDx composition containing 18 percent of
JPL polyurethane binder. This propellant is easily processed and has good
physical properties. A total of ten grains was scheduled, five to be fired

in the Atlantic Research Corporation controlled-atmosphere tunnel and five to

be fired under normal sea-level conditions. All firings were to be conducted

at a chamber pressurs of approximately 1,000 psi with an optimum nozzle expansion

ratio.

Phase 2 was intended to select the beryllium powder to deliver the
highest performance possible. The propellant chosen was Arcane 40, the OMOx
beryllium-containing composition with 18 percent of JPL polyurethane bindor;
Twenty-six firings were scheduled in the Atlantic Research tunnel, all at
approximately 1,000-psi chamber pressure with optimum expansion ratio. These
firings were divided as follows:

(1) Three firings with “17-micron" beryllium powder (Brush Beryllium
Corporation). This material has been used in other programs at Atlantic Re-
search and considerable background information about properties and particle
size exists.

(2) Three firings with "400-mesh" beryllium powder (General Astro-
metals Corporation). This beryllium powder is ground from chips or flakes
made in France by the Pechiney process. It has not been evaluated extensive-
ly, but the analytical data available indicate that it is a high-purity
product worthy of evaluation.

(3) Three firings with Brush Beryllium Corporation's “17 + 5 micron"
or 1755 beryllium powder. This material is classified from the standard
"17-micron" powder and is a closer cut. All fine and large powder are re-
moved. The lack of fine powder is an aid to processing and the removal of
large particles improves combustion efficiency.

(4) Nine firings with Berylco low-oxide-content beryllium powder
(Beryllium Corporation of America). This material is similar to Brush "17-
micron" beryllium powder. Three grades are available, which have 0.6, 1.0,
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or 2.0 percent of oxide. Three firings of each oxide content would be re-
quired to assess the effects of oxide content on specific-impulse efficiency.
This would also ensure that there was no appreciable difference in the viscosity

characteristics of propellants made from these powders.

(5) Eight firings with varying percentages of "325-mesh" beryllium
powder (Brush Beryllium Corporation). This powder is somewhat larger in
particle size than the Brush "17-micron" but some optimum blend may exist.
Two firings each were scheduled of propellants containing "325-mesh” and "17-
micron" in ratios of 100:0, 75:25, 50:50, and 25:75. The three firings of
all "17-micron" under (1) above would serve as 0:100 controls for these eight

firings.

At this time it was thought that a gselection could be made and Phase
3 would be undertaken. Phase 3 would consist of five to ten sea-level firings
and at least ten firings at simulated altitude conditions to demonstrate the
delivered specific impulse of the selected formulation. Must of the sea-level
firings would be at a chamber pressure of 700 psi with optimum expansion ratios.
Firings under simulated altitude conditions would be at expansion ratios of

50:1 and 60:1.

Phase 4, the evaluation of scale-up effects, was scheduled to be
carried out concurrently with Phase 3. Three firings were recommended in a
double-length motor to evaluate the effect of a change in mass-flow rate and
thrust level at a chamber pressure of 700 psi. Also two 50-pound motors were
scheduled. Aluminum-containing control grains of the same configurations were
scheduled for static firing both in the Atlantic Research tunnel and on an out-

door thrust stand.

When this program was outlined, it became apparent that not all of the
objectives could be met and still produce a qualified propellant in time to
phase-in with the 17-inch spherical motor program. As a result of this, and
after discussion with Jet Propulsion Laboratory personnel in late January, the

program was modified to consist of:

-26-
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(1) Two static firings of Arcane 42, an aluminum-containing propellant.

(2) Ten static firings of Arcane 40 modifications, a beryllium-con-

taining propellant, for evaluation purposes.

(3) Fifteen firings of the final propellant for demonstration of
delivered specific impulse.

(4) Seven additional firings for P-Kn data.

The ten static firings of Arcane 40 types were to include two firings
each of four variations of Arcane 40 and two firings of Arcane 39, an oxidizer-
rich, beryllium-containing propellant with 18 percent of binder. The four va-
rieties of beryllium powder to be used in Arcane 40 were Brush "17-micron”,
General Astrometals "400-mesh", Berylco "17-micron (0.6 percent Be0)", and
Brush "DSO equal to or less than 10 microns". All of these except the latter
have been discussed previously. This is a special cut which is classified
from normal Brush "17-micron" until the weight average particle diameter is
less than 10 microns at the 50-percent point.

The best of these four variations was to be used in making two Arcane
39 grains. Evaluation of the results of the static firing of these two grains
would permit a selection of Arcane 39 or Arcane 40, on the basis of delivered
specific impulse, specific-impulse efficiency, and burning rate.

The selected propellant would then be qualified by five firings at
sea level with an optimum expansion ratio, and ten firings at altitude with
4 50:1 expansion ratio. Pive propellant batches of three grains each would
permit the firing of one grain at sea level and two at altitude from each
batch.

At this point, or perhaps during the qualification, the propellant
would be ready for casting of a 17-inch spherical grain. Purther work would
be limited to firing seven grains of a 6C2-11.4 configuration to obtain P-K,
data. These would be accomplished as follows:

#s
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Pressure Range, psia

Temperature, °F 300-900 400-1200 500-1500
130 1 1
70 1 1 1
20 1 1

The described program anticipated qualification in February 1962.
At this time, difficulties arose in processing the beryllium-containing poly-
urethane propellant. This will be discussed further in a subsequent section;
however, they posed a great problem from a program schedule standpoint. Be-
cause of the long delay caused by propellant processing problems, it was de-
cided to cast the first 17-inch motor before the propellant tailoring program
was completed. The program was completed, as outlined, with the exception of
the P-Kn firings. At the conclusion of the simulated altitude firings, it was
decided to omit the P-Kn firings and concentrate the effort on the 17-inch

motor fabrication.

Propellant Formulation and Processing

Binder

The original polyurethane work on this program utilized JPL form-
ulation containing PPG 2025-one:Alrospeise 11P:Trimethylolpropane in an
equivalents ratio of approximately 0.81:0.10:0.09. The isocyanate-to~hydroxyl
ratio (NCO:0H) was higher than the 1.05 NCO:0H ratio considered optimum by JPL.
In calculating NCO:OH ratios, the active hydrogens on phenyl-B-naphthylamine
(Neozone D), were included, whereas JPL neglected these, feeling they were so
hindered as to be virtually unreactive. Alsd, at Atlantic Research, component
analyses were used solely for formulating. As a consequence of these differences,
Atlantic Research cures were somewhat unreliable. Aluminum-containing form-
ulations showed good curing properties; two spherical motors, 17S-1 and
178-2, were cast and cured successfully in late 1961 and early 1962. Beryllium-
containing polyurethane propellants generally did not cure with two exceptions:
a mix made with Brush "325-mesh" beryilium in January, 1962, which was too
viscous to process successfully, did cure satisfactorily; another, made with

Brush "17 4+ 5 micron' beryllium, is discussed below.

&6
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Discussions with JPL in February pointed out the differences in our
calculations. Formulating to an NCO:PPG:Alrosperse 11P:TMP equivalents ratio
of 1.05:0.78:0.11:0.11 and ignoring the hydroxyl content of phenyl-S-naphthylamine
gave polyurethane binders and aluminum-containing propellants which cured reliably.
The number of equivalents of each ingredient was calculated using equivalent
weights of 87.1 for toluene diisocyanate, 45.2 for trimethylolpropane, and 208
for Alrosperse 11P. The equivalent weight for polypropylene glycol 2025-one
was calculated from the hydroxyl number supplied by the manufacturer, assuming
an average molecular weight of 1,950. Cures of beryllium-containing propellants
were still unreliable; however, some Brush "17 + 5 micron" beryllium (lot 23R)
was used in three successive mixes of Arcane 40Y, two mixes with our ingredients
and formulations (equivalents ratio, 1.04:0u811£0.096:0.093) and one mix with
ingredients and formulation supplied by JPL (equivalents ratio, 1.05:0.78:0.11:
0.11). All cured better than anything that had been made previously, and the
10-pound grain made from JPL materials was adequate for static firing. These
three mixes exhausted the supply of lot 23R. Soon afterwards, the batch of
normal "17-micron" beryllium we were currently employing, 23P, was returned
to the manufacturer for exchange and 100 pounds of a new lot, batch 11, were

obtained.

Propellant formulated from batch 11 of normal 17-micron beryllium
gave reliable cures in the motors without exception’ however, sheets of
propellant made in the laboratory or the propellant processing area did not
cure reproducibly. This is not surprising if one considers the relative sur-
face-to-volume ratios in the two cases—15:1 for the sheet as compared with
about 2:1 for a spherical propellant charge. The physical property and burn-
ing rate sheets were cured in flat molds on which the propellant was spread
into a layer of the appropriate thickness (0.075 inch for physical properties
test sheets). Attempts were made to cure the sheets in a number of ways,
e.g., covered and uncovered, at temperatures from 50 to 80°C, and in ovens

or Carver laboratory presses. None of these methods was effective.

So much trouble had been encountered prior to receipt of batch 11
that when subsequent lots of beryllium were received, it was decided to eval-

uate them immediately on receipt to determine their usefulness. On the basis

47
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of the above problems encountered in obtaining reliable cures in sheets of pro-
pellant, it was decided to evaluate each lot of beryllium in the propellant
processing area instead of the laboratory. This was done in 2,000-gram mixes,
to minimize the time, labor, and materials involved. These 2,000-gram mixes
were cast into containers shaped from aluminum foil, approximately 4.25

inches in diameter and 5 inches high. These have a surface area of about

100 square inches and a volume of about 75 cubic inches of propellant, thus

approximating the surface-to-volume ratio of 10-pound grains.

Using these mixes, it was determined that none of three subsequent
100-pound lots of Brush ''17-micron" beryllium, batches 25, 34, or 453, cured as
well as batch 11. This evaluation was based on hardness and degree of thermo-
plasticity after an overnight (approximately 16 hours) cure in an oven at 60°C.
Although this is only a qualitative evaluation, it has been substantiated by
the appearance of grains cast from propellants made with these lots of beryllium.
None of these grains cured as well as grains made from propellant containing
batch 11 beryllium.

Throughout these experiments, surveillance of binder ingredients was
maintained. In addition, each binder batch made was sampled and fully cured,
acceptable samples were obtained of inert binder and of aluminized propellant
(Arcane 42) containing the binder before it was used to make beryllium-contain-
ing propellant.

Qxidizer

The background work described in Section I had shown that the propellant
burning rates of beryllium-containing polyurethane propellants formulated with
JPL X535-type polyursthanes were higher than those of analogous propellants based
on a plasticized prepolymer-type polyurethane binderl. A lower burning rate was

required to meet the motor design requirements.

lAtlantic Research Corporation, Tailoring of High-!nergy'prop.11.nc., Final
Report. Contract AF 04(611)-7017, November 1961. CONFIDENTIAL

-30-
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The first laboratory work investigated the lowering of burning rates
by two methods: (1) incorporation of RDX (cyclohexamethylenetrinittamine) as
part of the oxidizer and (2) use of ammonium perchlorate with extra-large parti-

cle size. The following results were obtained.

Oxi- Binder Metal r

dizer Content Content 600
Arcane Oxidizer® Ratio (percent) (percent) (in/sec) n600
38 RDX/Unground NH40104 1:9 20 13.05 0.225 0.33
38 RDX/Unground NH4C104 1:6 20 12.31 0.22 0.23
38 RDX/Unground NH4C104 1:3 20 11.57 0.215 0.20
40 Mod A/B 5:2 18 14.95 0.255 0.012
40Y C/B 5:2 18 14.95 0.212 0.25
40 D 7:3 18 14.95 0.255 0.25

Ammonium perchlorate, American Potash & Chemical, -20+35 mesh, spherical.
Ammonium perchlorate, Pacific Engineering Corp., Class I spherical.
Ammonium perchlorate, Pacific Engineering Corp.,-10+48 mesh, spherical.
Ammonium perchlorate, unground, 24-mesh and 2TH 6900 rpm.

DOwm>
[T T ]

Arcane 40, an OMOx composition with less binder and a higher flame
temperature than either Arcane 38 or Arcane 39, was thought to be the composi-
tion capable of delivering the highest specific impulse. The original propellant
work showed that Arcane 40, containing a 7:3 blend of unground and 2TH 6900 rpm
grind ammonium perchlorate, would have a motor burning rate that was slightly
higher than desired. Further experiments showed that a 5:2 blend of Pacific
Engineering Corporation's -10+48 mesh and class I spherical ammonium perchlorates
(Arcane 40Y) lowered the burning rate significantly. Arcane 40Y contains the
maximum amount of -10+48 mesh ammonium perchlorate possible, commensurate with
reasonable processability. However, propellants made with this oxidizer mixture
were somewhat difficult to process. RDX-ammonium perchlorate mixtures were also
satisfactory, but the use of large ammonium perchlorate was considered to be the
best choice. A 2:2:1 blend of ~10+48 mesh: unground, 24 mesh: 2TH 6900 rpm

grind was selected as the best compromise between desirable propellant processing

-31-
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characteristics and lowered burning rate. The Arcane 40 variation containing
this oxidizer blend was designated Arcane 40X; replacement of Brush "17-micron”

with Brush "17 4+ 5 micron" beryllium changed the designation to Arcane 40CX.

Strand burning rate data for Arcane 40, Arcane 40X, and Arcane 40Y
are contained inFigure II-1. These data are from laboratory batches of propellant

which were burned uncured in straws.

Motor burning rates from 10-pound motor firings of Arcane 40, Arcane
40X, and Arcane 40CX are compared in Figure II-2. The average motor burning rate
is lowered from 0.27 in/sec with Arcane 40 to 0.24 in/sec with Arcane 40X. Ar-
cane 40CX and Arcane 40X do not differ significantly in motor burning rates, or,

in fact, in any respect. (See the subsequent section on static firing data.)

Batch Chronology

Table I1I contains a detailed listing of all mixes made on this pro-
gram from December, 1961, when the first 17-inch motor (17S-3) was cast contain-
ing Arcane 42, until August, 1962, when the final 17-inch motor (17SX-3) was
cast containing Arcane 40CX. Also included in this table are a number of mixes
made on other programs. Their inclusion helps to provide a more complete picture

of the processing problems encountered.

After the casting of the first two 17-inch motors, which contained
Arcane 42, efforts were directed toward producing the beryllium-containing pro-
pellant necessary for the tailoring program and subsequent evaluation firings.
No cures were obtained in Arcane 40Y or Arcane 39Y, although most of these
grains did "post-cure" after several weeks. In effect, the cure had been
tremendously inhibited. The propellant grains would be subjected to a normal
cure cycle (such that analogous aluminum-containing propellants would cure
satisfactorily), without effecting satisfactory cures. Even doubling the
cure cycle made no appreciable difference. The lack of cure was shown by the
fact that the grains would pull away from the motor wall when the mandrel was

removed.

In the case of the beryllium-containing propellants, the propellant

slumped badly, sometimes immediately on removal of the mandrel, other times

o
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Figure II-1. Strand Burning Rates.
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Figure II-2. Motor Burning Rates From 10-Pound Motor Firings.
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several hours later. Some grains actually pulled away completely and wound up
as "puddles” of propellant in the bottom of the motor. Others came out intact
on the mandrel and had to be pulled off. The unsatisfactory motors containing
partially cured propellant were stored in a magazine area while awaiting dis-
posal. Because of the contamination problem, disposition was scheduled similar
to a static firing; unusable motors are burned in the static-firing tunnel.
Because of a heavy firing schedule in the static-firing tunnel, some of these
motors stayed in the magazine area awaiting disposal for periods up to two
months. Examination of the propellant after storage showed that adequate cures
had occurred in the majority of cases. The adequacy was, of course, judged
solely by appearance; no physical properties could be measured. However, from
the standpoint of hardness, tack-free surfaces, and flexibility of small cut

samples, the propellant appeared to be cured.

The propellants which were formulated, Arcane 39Y and Arcane 40Y,
contain 18 percent of binder. Their viscosity is quite high and the process-
ing characteristics are marginal. These characteristics raised the question as
to whether improper mixing was causing the curing difficulties. This theory
was disproved by subsequent mixes which included some aluminum-containing Arcane
42 formulations and an Arcane 38 formulation. Arcane 38, which has 20 percent
of binder, is considerably less viscous than either Arcane 39 or 40. 1In these
mixes, the aluminum-containing formulations cured, and beryllium-containing
formulations, whether having 18 or 20 percent binder, did not cure. Varying
the isocyanate-to-hydroxyl ratio made no difference in the cure of the beryl-
lium-containing propellants, although some differences in degree of cure were

noted with the Arcane 42.

At this point, a consultation with JPL personnel pointed out the
slight differences, previously mentioned, in the formulating of the JPL X-535
polyurethane binder. Mix 175H marked the introduction of JPL formulation
and ingredients to the Atlantic Research work. It also was one of three mixes
made from a small lot (23R) of Brush "17 + 5 micron" beryllium powder. A 10-
pound motor suitable for static firing was cast from batch 175H. The grains
made using beryllium from lot 23R, Atlantic Research Corporation ingredients

+38-
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and formulation were not as good as the grain made with JPL ingredients and
formulation, but they were better than anything made previously. It appeared
that more reliable cures could be obtained with polyurethane propellants con-
taining "17 + 5 micron™ beryllium that with those using ordinary "17-micron"
beryllium or similar metal powders.

Using the JPL formulation, some improvement was noted in degree of
cure, but no reproducible good cures were obtained in Arcane 38, Arcane 40, or
Arcane 40Y. A mix of Arcane 42Y was made to investigate the possibility that
the extra-large ammonium perchlorate might contain some impurity which inter-
fered with the cure. This propellant cured satisfactorily.

The evidence overwhelmingly pointed to the beryllium powder as the
source of trouble. As mentioned above, all grains cast from batch 11 of Brush
"17-micron" beryllium cured satisfactorily. Mixes made from batch 14D and 198,
vhich were used concurrently with batch 11, cured but did not give as reliable
results; in all cases it was found necessary to increase the catalyst content.
Three subsequent lots of Brush "17-micron" beryllium, batches 25, 34, and 45,
vere used with very little success.

Available physical-property and burning-rate data for the batches of
propellant used in the program are contained in Table IV. Usable test sheets
for measuring physical properties and burning rates were not obtained in a great
many of the cases, even when excellent cures were obtained in motors. Densities
of propesllants cast in 10-pound grains were calculated from grain measurements,
and the results are reported in Table V.

d ct

| At this time processing studies were temporarily halted while other
approaches were explored. laboratory work demonstrated that the use of a pre-
polymer based on polypropylene glycol and toluene diisocyanate would allevi-
ate the curing problems. REvidently, the prereacting of part of the glycol
and all the isocyanate provided sufficient deterrent to whatever kind of
competitive reaction was taking place.
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The major problem in the use of prepolymers is the attendant increase
in viscosity. In making & prepolymer of a glycol and an isocyanate, the result-
ing formulation is more viscous than the same propellant formulated from the
individual ingredients without prereacting. When a prepolymer is used, some
of the polymerization has occurred as "prepolymerization”" and a more viscosity
of the propellant increases further as the polymerization reaction continues.
Since beryllium-containing polyurethane propellants with 18 percent of binder
are already pressing the limits of satisfactory processing characteristics, the
use of prepolymers was impossible without increasing binder content.

An alternate approach, the use of Brush "17 + 5 micron" beryllium,
which had been proven to produce reliable curing characteristics, pfoved & better
choice for this program, since it permitted completion of the work without chang-
ing the basic propellant formulation (Arcane 40) . The use of prepolymerization
would have required the formulation of a new propellant containing 20 percent

or more of binder.

The prepolymerization approach was pursued successfully in another
Atlantic Research prosrlml. Fifteen 10-pound motors loaded with beryllium-
fuel, prepolymer-based Arcane propellants containing 20 percent of binder were
processed, cured, and fired without difficulty. The physical properties and
processing characteristcs of these propellants proved satisfactory for large

motor fabrication.

Conclusions

Polyurethane propellants fueled with beryllium can be successfully
cast and cured if certain precautions are taken. The exact cause of non-repro-
ducible curing is not known, but beryllium has been isolated as the source

1 Atlantic Research Corporation, Development of High-Energy Solid Propellant

Formulations, Contract No. AP 04(611)-8180.
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of the problem. Hence, tight control of the properties of the beryllium used

is mandatory.

Beryllium particle size was shown to have a major effect on curing
properties, and tight control of particle size is necessary. Propellants made
from Brush "17 + 5 micron" beryllium powder cured satisfactorily; those made
from the "17-micron" powder generally did not cure satisfactorily, but occasion-
ally did. The fact that the division 18 not absolute indicates that particle
size alone is not the critical factor. Table VI summarizes particle-size data

on all lots of beryllium used. These data were provided by the suppliers.

There is no doubt that moisture is a factor in determining the degree
of cure obtained in a polyurethane. Table VII gives the moisture contents of
several lots of beryllium powder. However, no definite correlation between the
moisture content of the beryllium powder and the curing characteristics could

be established.

Metal powder analyses are also supplied by the manufacturers; these
data are shown in Table VIII. The only variable that appears to correlate with

degree of cure is carbon content, which was low in all batches that cured
satisfactory.

The importance of carbon content is not completely clear. Smaller
particle-size powders would be expected to contain more beryllium oxide and
probably more organic contaminants, hence, more carbon (perhaps as beryllium
carbide). Batch 11 was the only one with a weight average particle diameter
(DSO) of less than 10 microns that cured satisfactorily, and it had the lowest

carbon content of all batches used.

Ballistic Performance

Eighteen grains were fired in the tailoring program to evaluate
propellants other than Arcane 40X (or Arcane 40CX). Twelve of these grains
were Arcane 40 or variations, four were Arcane 39, and two were Arcane 47.

The effect of increasing oxidation ratio (OR) was explored with these three
propellants, which have oxidation ratios of 1.0 (Arcane 40), 1.045 (Arcane 47),

Ll
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TABLE VII

MOISTURE ANALYSES OF BERYLLIUM POWDERS
(OBTAINED WITH CEC MOISTURE ANALYZER)

Batch Number Percent Moisture
11 0.19
14D 0.29
25 0.27
3k 0.15
L5 0.18
1v-9 0.1k
Alcoa 123 (Aluminum) 0.04
L6-

b6

ARC-SR-23A1
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and 1.09 (Arcane 39). No significant differences in specific-impulse efficiency

were noted,

Thirty grains made in earlier portions of the program were not suitable
for firing. These grains were burned out in the Atlantic Research tunnel.

Processing difficulties were encountered in making grains with either
Berylco low-oxide beryllium or General Astrometals "S5-micron" beryllium, and.

the data is too limited to correlate their performance with other materials.
The complete static-firing data are tabulated in Table IX.

Twenty-four 10-pound motors containing Arcane 40X (or Arcane 40CX)
were static fired in the Atlantic Research static-firing tunnel, 14 at simu-
lated altitude conditions and 10 under sea-level conditions. Included in these
firings were three batch-check motors for JPL 17-inch motors and six batch-
check motors for NOTS 100A or 100B 17-inch motors cast on another NASA programl.

Table X provides a comparison between the data obtained at sea-level
and at altitude conditions in these static firings. At the time these firings
were made, the lower specific-impulse efficiency obtained in the altituds fir-
ings was believed to be an anomaly. Subsequent static firings on another pro-
gram2 showed that this was a real difference, which can be accounted for on
the basis of thermodynamic calculations. Higher flame temperatures and high-
er mass-flow rate decrease the difference. An example of the effect of mass-
flow rate is available in the data accumulated on this program. Arcane 40
(Table IX) is identical to Arcane 40X except for the ammonium perchlorate
particle size and, hence, propellant burning rate and mass-flow rate. Seven
firings of Arcane 40 and ten firings of Arcane 40X, all at sea level, had
average specific-impulse efficiencies of 89.05 and 87.95 percent, respectively.
The mass flow rate in the Arcane 40 firings was about 10 percent higher than
that in the Arcane 40X firings.

Atlantic Research Corporation, Contract NASI-1821, NASA Casting Program.

Atlantic Research Corporation, Tailoring of High-Energy Propellant Ingredients,
Contract AF 04(611)-8180.
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Static firings are currently being conducted at Atlantic Research on
an Air Force proaraml. Several different bcryllium-containing Propellant com-
positions were evaluated in both sea level and altitude firings. One system
in that program (System 2) evaluated beryllium-containins Polyurethane pro-
Pellants very similar to those used in this program. The most noticeable
effect seen in the static firings of System 2 was that measured specific-im-
Pulse efficiencies at altitude conditions were lower than those at sea-level
conditions. These results are in general agreement with thoge obtained on this
program.

This poses the question of whether the difference in efficiency is
due to difference in discharge pressures or in expansion ratios. late in this
pProgram, three firings were conducted at expansion ratios of about 10 at sim-
ulated high altitude. The specific-impulse efficiencies measured in two of
these firings (619 and 621, Table X) did not differ significantly from the
efficiencies measured at gea level. (The third firing, 598, should be digre-
garded in thig analysis, since it has a sharp break midway in the trace indi-
cating some malfunction, such as case-bonding failure.)

These results indicate that expansion ratio is the parameter con-
trolling the specific-impulse differences. The data obtained on the Air Force
pProgram show a difference of 1.6 percent in specific-impulse efficiency between
the high and low expansion ratio used at constant propellant stoichiometry and
constant mass-flow rate which 1s quite comparable to the two percent difference
found in this program.

The following conclusions have been drawn based on the information
from these two programs:
(1) Super-cooling of liquid beryllium oxide probably occurs in the
'explnsion pProcess with these Propellants, yielding losses in specific im-
pulse that increase with expansion ratio.

lAtlaptic Resesarch Corporation, Development of High-Energy Solid Propellant
Formulations, Contract No. AF 04(611)-8180.
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(2) Brush "17-micron”, Brush "17 ¢ 5 micron”, and General Astromstals
"400-mesh" beryllium powders yield equivalent performance in System 2 propel-

lants under the conditions studied.

(3) 1In the range studied, specific-impulse efficiency is a strong

function of mass-flow rate.

A more complete discussion of these effects, including information on

double-base propellants, is nvailable.l

Substitution of Brush "17 + 5 micron” beryllium in Arcane 40CX for the
Brush "17-micron” beryllium in Arcane 40X resulted in no change in the ballistic
properties. In Table X, the last seven firings in chronological sequence (543
to 621) were made with Arcane 40CX.

Table XI contains the complete static firing data for the 24 firings
of Arcane 40X. Attempts to correlate specific-impulse efficiencies with beryl-
lium lot numbers have been unsuccessful. In sea-level firings, the specific-
impulse efficiency from the static firing of two grains containing beryllium
from lot 14D was about 2 percent lower than that obtained with the other lots
tested, 11, 195, and IV-9; one firing of a grain containing beryllium from batch
25 was about midway between the two groups. A similar comparison among the al-
titude firings (neglecting the underexpanded cases) gives the same ranking, but
the effects of high expansion ratio somewhat overshadow the performance dif-
ferences, i.e., the same differences exist but the magnitude of difference is

decreased.

Two aluminum-containing control grains of Arcane 42 were static

fired in the program. The results are summarized below:

Firing Number 242 248
Chamber pressure, psia 604 707
Average Thrust, 1b 500 610
1

Atlantic Research Corporation, Development of High-Energy Solid Propellant
Formulations. Quarterly Progress Report No. 2, Contract AF 04(611)-8180,
June 1 through September 30, 1962. CONFIDENTIAL.

/i



Firing Number 350%
Grain Number 217H-1
Date Fired L/2L /62
Beryllium Lot Number 14D
11.12

Weight, Pounds
Average chamber pressure,psia 535

Average Exhaust pressure,psia 0.287

Expansion Ratio 36.6
Burning Rate, in/sec 0.236
Average thrust, pounds 725
Measured Ispb, 1b-sec/1lb
Analog 1 286.8
Analog 2 287.3
Digital 1 257.2
_ Digital 2 287.9
- Average 287.3
Theoretical Ispc, lb-ssc/lb 338.0
Average Is efficiency ,
per cen 85.00
90.64

*
C efficiency, per cent

Simulated altitude firings
Fifteen degree cone angle

Measured I

"o abos
* 4 e s e

a

351
217H-2
4/25/62
14D
11.10
639
0.290
47.2
0.237
Th5

290.5
293.2
290.6
2947
292.2
3k2.2

©2-39
86.13

a

352
218H-1
4/26/62
14D
11.03
697
0.251
48.6
0.2i41
T60

296.3
296.5
295.4
297.4
296.4
343.4

86.31
92,4

Computed at the firing conditions, O degree cone
times 100 divided by the theoretica

Batch checkPmotors for another program (NASI-18¢
Batch check motors for 17-inch spherical motors

339 387
218H-3  250y-3@
2 bN2/62 570276
14p 25
ll.o2 10,77
623 644
13.41 13.62
9.54 9.67
0.233 0.246
580 625
230.7  235.7
233.9  236.2
232.3 237.4
2710.2  270.5
95.95  u7.69
94.58  9g6.1

——
386 369 575
230H-1% 2311 35,y e
5/22/62 5/22/62 9/7/62
11 19s Iv-9
11.08 11.12 10.67
665 570 526
12.76 17.17 l4.09
10.34 9.91 5.26
0.236 0.220 0.216
610 530 620
- 225.8 232.8
- 225,1 233.0
2427 226.7 232.6
241,0 224,17 231.7
241,85 225.6 232.5

274.0 255.7 261.2

88. 25 88.23 69.01

97.22 92.57 92.75

611
349n-1f
9/27/62
V-9
10.67
711
16.68
10.94
0.236
570

234.4
2344
2347
234.0
234.4
266.7

87.30
96.99
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1, measured", 1b-sec/lb 216.2 224.6
I, theoretical®, 1b-sec/1b 240.3 252.6
I.p efficiency, percent 90.0 88.9

4 15-degree cone angle.
b Computed at the firing conditions, O-degree cone angle.

During the balance of the program, Arcane 42 mixes were used to check
out cures, but no grains were cast. Ten-pound beryllium grains were used as
batch check grains for the 150-pound motors.

OF 17-IN LORS

8ix 150-pound motors were cast during ths program. The 17-inch
spherical steel case were lined with General Tire and Rubber Company V-44 rub-
ber asbestos by Prewitt Plastics Company, a subsidiary of Atlantic Research
Corporation. The details of liner preparation prior to casting and the cast-
ing operstion itself ars included in Appendix C of this report.

In most cases, two mixes of propellant were made for sach large motor
casting. These two mixes were then cast into the motor simultansously. Batch
303H (Arcane 42) and batch 349HB (Arcane 40CS), however, were each a single
large mix. Pertinent data on the propellant batches are summarised below:

Cure
Rxopellant Batch Mumber Rets Casc lemperature Days
Arcans 42 1378 12/15/61 120°r 6k
Arcane 42 148H 1/17/62 125 6
Arcans 40 2058 3/21/62 135 5
Arcans 40X 231K 4/25/62 135 7
Arcane 42 303K 7/10/62 135 5
Arcane 40CX ' 349H 8/10/62 135 5

NI
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Physical property data and strand ballistic data determined from

sheets cast from these mixes are presented in Table XII.

The grains were trimmed as described in Appendix B, and were sub-
jected to radiographic examination. Two exposures were made perpendicular to
the equator and at 90 degrees to each other. In addition, tangential views
were obtained which helped to ascertain whether or not a good liner-to-pro-
pellant bond has been obtained. The heavy-walled steel case was heavier than
desirable for obtaining good resolution, but the plates were fairly clear.

These inspections showed no faults.

With each 17-inch motor cast, a 10-pound batch check motor was cast
using the same ingredients. This motor was static fired at Atlantic Research
Corporation's Pine Ridge plant prior to static firing of the large motor at
the North Carolina facility. Firing data for these motors are presented sep-
arately in Table XIII.

CONCLUSIONS AND RECOMMENDATIONS

The processing of polyurethane propellants fueled with beryllium is
not greatly different from similar operations carried out with aluminum-contain-
ing polyurethane propellants. The major difficulty is the reactivity of the
metal. Whereas grades of aluminum currently employed in propellant manufacture
are essentially inert toward conventional polyurethane ingredients, certain
beryllium powders, or some constantly present impurity, inhibit polymerization
of the polyurethane. This retards, or, in some cases, prevents, the cure of the

propellant,

This difficulty can be overcome in two ways. One is the use of beryl-
lium classified to remove the great majority of powder less than 10 microns in
weight average particle diameter. Use of this powder greatly improves the reli-
ability of cure. The second method involves prereacting part of the glycol and
all of the isocyanate to form a prepolymer. This system has a very good reli-

ability factor. The only drawback is the viscosity increase attendant with the

74
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use of a prepolymer which permits propellant processing at no less than

20 parcent binder., From a performance standpoint, however, there is little
difference. A slightly higher maximum theoretical specific impulse (283.1 vs,
282.4) is calculated at 20 percent binder than at 18 percent binder. This off-~

sets the very slight difference in density at practical mass-to-volume ratias.

The combination of these two processes results in a propellant system
which is quite reliable. This has been quite convincingly demonstrated in

other programs.

The static-firing data, although originally disappointing in character,
paved the way for significant advances in the understanding of the parameters
affecting propellant performance. Subsequent programs have shown that the effects
of mass-flow rate and nozzle expansion ratio are predominant in determining the

specific-impulse efficiency.

Any future work on high-performance propellants for large motors
should utilize the experience gained in this program and concentrate on the
prepolymer-based propellant fueled with the specially classified beryllium
powder. Motor designs such that maximum mass-flow rates are possible will
undoubtedly result in significant performance enhancement.
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. MOTOR COMPONENTS

INTRODUCTION

The primary objective of the program was the design of a 36-inch-
diameter spherical rocket motor having as high a propellant mass fraction as
could be achieved. The components designed for this motor were to be eval-
uated by stress analysis and by the testing of 17-inch-diameter subscale motors.
Two types of subscale motors were designed for test: a heavy-walled steel motor
and a titanium motor of flightweight wall thickness. Thevhenvy-wnlled motors
were to be static ;ired to evaluate motor assembly techniques as well as the
design characteristics of the major components including the propellant grain,
the nozzle and nozzle;retention system, the cese insulation-liner material,
and the igniter. The 17-inch titanium motors were to be used for hydfostatic
burst tests and for firings to prove the prototype motor case and the final
motor assembly design and procedure. Subscale nozzle components were to be

subjected to charerate and hydrostatic proof pressure tests.

Propellant development is discussed in the preceding section of
this report; the design and development of the other major motor components

are discussed below.

MOTOR CASE

The designs of the titanium and heavy-walled steel cases for the sub-
scale, 17-inch spherical motors are shown in Figure III-1. Both cases are
formed by welding a spherical segment onto a hemispherical shell having an
internal diameter of slightly greater than 17 inches. Each has an 8-inch-
diameter opening at the after end to allow the nozzle to be completely sub-
merged within the case. The steel unit, fabricated from AISI 4130 steel,
has a wall thickness of 0.075 inch. The titanium case consists of 6AL-4V

-61-
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titanium alloy and has a wall thickness of only 0.03 inch. Welded into the after
end of each case is a nozzle retention flange, drilled to accommodate 24 equally
spaced studs. To measure chamber pressure in static firings, two diametrically

opposed studs are removed and replaced with pressure taps.

Six steel and seven titanium cases were fabricated early in the pro-
gram. All six of the heavy-walled steel motors weré fired in.static test; the
firing of titanium motors was prohibited by the depletion of contractual fund
allocations. The steel cases all successfully withstood a hydrostatic proof
pressure of 900 psi, applied for 3 minutes, prjor to being-~loaded for test. . .

No case problems were experienced in the six static firings.

One of the subscale titanium cases was subjected to a hydrostatic
burst pressure test at the Wyle Laboratories, El Segundo, California. This
test was terminated prior to failure when the bolts holding the nozzle pressure
plate on the case failed at approximately 1,150 psig. At this pressure, a maxi-
mum case stress of 169,500 psi was recorded at the extreme after end of the case.
At the design motor proof pressure of 1,000 psi, a maximum stress of 138,700 psi
was recorded at a location 1.5 inches from the after plane. Since these stresses
corresponded to those predicted by theoretical calculations, it was concluded
that the titanium case was suitable for its intended application. A detailed
report covering the results of this pressure test, MED Report No. SR 205, was

submitted to the Jet Propulsion Laboratories in May 1962,

A 36-inch-diameter titanium spherical motor of minimum weight was
designed, and a stress analysis was completed in August 1962. The design

criteria for the case are listed below:

Minimum tensile strength at room temperature ..... 170,000 psi
Minimum yield strength at room temperature ....... 165,000 psi
Minimum yield strength at 150°F for short

term duration.....ciietiii ittt iiieine e 155,000 psi
Membrane design StreS8S......ceouvverrverenassrsnnsas 150,000 psi
Combined stress limit ..........0i i iuirinrineenss 155,000 psi
Design proof pressure ........cccvvvivvencnninrnaas 1,000 psi
Peak operating pressure ............ e 800 psi
Minimum margin of safety ........... ... ... ot 0.25
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Data used in the stress analysis were derived from the design, fabrication,

and hydrostatic test of the 17-inch titanium spherical case. Details of the
analysis are shown in pages 2 through 13 of MED Report No. SR 207, included

as Appendix D.

LATIO

The insulation liner used in the six heavy-walled steel, 17-~inch spheri-
cal motors was fabricated from Gen-Gard V-44 asbestos rubber, a product of the
General Tire and Rubber Company. This liner served to protect the case from

the extreme combustion temperatures assoclated with the Arcane propellants.

Prior to application of the insulation, the internal surface of the
motor case was sanded with 50-grit sandpaper to remove rust and foreign matter.
The surface was then thoroughly cleaned with methyl ethyl ketone. A coat of
Bloomingdale Rubber Company's No. 305 adhesive was applied to the prepared sur-
face and cured for 10 minutes at 300°F. With the case still hot, the surface
was first coated with V-44 rubber emulsified with methyl ethyl ketone and then
covered with strips of the V-44 insulation., A rubber bladder was then insert-
ed into the case and pressurized to 100 psi to ensure intimate contact between
the strips and the case surface., This assembly was then heated for 1 hour at
300°F to vulcanize the rubber sheets. After this period, the assembly was al-
lowed to cool to room temperature, and the rubber bladder was removed. The
lined case was then visually inspected for insulation flaws or other defects.
The insulation thickness and the total insulated surface were varied in the
six heavy-walled cases todetermine the optimum insulation thickness and area

required to protect the case during motor operation.

NOZZLE
The nozzle was designed to be completely submerged within the motor

case and to be retained by attachments fastened to the motor case by means

of the studs in the case flange. The essential parts of the nozzle are a

-63-
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molded asbestos-phenolic cone and a graphite nozzle-throat insert. The pre-
liminary nozzle design for the prototype titanium motor is shown in Figure
I11-2. The nozzle in this design is contoured and incorporates a diffuser
section affording a greater nozzle expansion ratio. The material selected
for the phenolic cone was Raybestos-Manhattan 150 RPD, which has an ulti-
mate compression stress of 26,000 psi and an ultimate tensile stress of

6850 psi. The stress analysis for the minimum weight nozzle designed for
the full-scale, 36-inch-diameter motor is included in pages 14 through 25 of

MED Report No. SR 207, attached as Appendix D.

Early in the program, a test was devised to obtain char-rate data
with a heavy test nozzle made from the 150 RPD material. This test failed
when the special test motor over-pressurized and sheared the retaining rings
holding the nozzle adapter in place. The test, however, appeared to have
proven the structural integrity of the nozzle and nozzle-retention system
since the failure occurred at a pressure of 1,500psi, a value almost twice
that of the expected peak motor operating pressure. A nozzle system of the

same design was therefore consigned for use in static firing 17S-1.

The nozzle used in 17S-1 consisted of a 150 RPD asbestos-phenolic
cone with an integral retention flange and a graphite liner bonded to the en-
tire internal surface of the cone. The only significant difference between
this system and the one employed in the char-rate test was in the retention
rings placed between the stud nuts and the nozzle flange. In the char-rate
test, these rings consisted of a 1/2-inch phenolic ring and a 1/4-inch steel
ring, both of which covered the entire flange surface to the graphite liner
interface. In firing 175-1, however, only a 1/16-inch steel ring was used
to cover the area immediately around the studs. The firing resulted in
nozzle expulsion after 1l second of burning at an approximate chamber pres-
sure of 420 psi. A similar failure occurred upon ignition in a subsequent

firing, test 17SX-2.

After the second expulsion of a nozzle during static test, two
150 RPD asbestos-phenolic cones were hydrostatically pressure tested. At

approximately 400 psi, these nozzles failed in tension at a location opposite

- 6/+-
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the O-ring groove, about l inch forward of the nozzle exit plane. The re-
sultant cracks propagated completely around the internal conical surface of

the nozzles as shown in Figures III-3 and I11-4,

It was concluded from the pressure tests that the nozzles in firings
175-1 and 17SX-2 had also failed under tensile pressure. The thicker plates
used in the char-rate test had apparently prevented a similar failure from
occurring in the char-rate test. Hence, the nozzle was redesigned to incorpo-
rate a heavy steel retaining ring in place of the integral flange on the
asbestos-phenolic cone. A nozzle of this design was proof tested under a hydro-
static pressure of 900 psi applied for 1. minute; there was no evidence of
damage to either the nozzle or its retention system. Figures depicting the
various design stages of the nozzle for the 17-inch subscale motors are in-

cluded in Section IV of this report.

As a result of the char thicknesses and erosion measured in expended
motors after firing, it became evident that the wall thickness of the 150 RPD
nozzle cone could be reduced. Hence, a hydrostatic pressure test was performed
on a lightweight nozzle cone with an aluminum retaining ring. This cone was
held in place in the pressure vessel as shown in Figure III-5. At a pressure
of 750 psi, the nozzle failed at the O-ring groove as the result of a bending
moment induced at the outer edge of the after end of the nozzle exit cone.
This bending moment was produced by the unexpected yielding and deformation
of the aluminum retaining ring and the consequent shifting of the load to the
outer periphery of the nozzle. A photograph of the failed cone is presented
in Figure III-6. Subsequent analysis by the discontinuity theory clearly

predicted a similar failure under actual loading conditions.

NOZZLE CONTOUR STUDY FOR 36-INCH SPHERICAL MOTOR

Five optimum nozzle contours were designed according to the method of

G.V.R. Raol, The expansion process was assumed to occur with temperature and

1Rao, G.V.R., "Exhaust Nozzle Contour for Optimum Thrust," Jet Prop. Vol. 28,
No. 6, June 1958, pp. 377-382.
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velocity equilibrium existing between the liquid and gaseous phases in the com-
bustion products. This assumption was necessary in that the application of the
design method is valid only for an isentropic flow process. A ratio of specific
heats representative of the two-phase mixture was used in the design of the con-
tours. Fortunately, the geometry of the optimum contours is not sensitive to the
choice of this ratiol. All of the optimum contours were designed for vacuum op-
eration. The performance of the five contours was evaluated assuming isentropic
flow and a gas composition frozen at chamber conditions. The thrust produced by
each of the nozzles was determined from the nozzle-flow field as generated by the
method of characteristics. The thrust thus obtained was divided by the one-
dimensional thrust obtained under the same assumptions and at the same area ratio.
This quotient is then a measure of the thrust momentum lost to the radial com-
ponent of the flow velocity. Also inferred in the application of this efficiency
to the two-phase flow is the assumption that the particle radial velocity lags in
the actual flow are negligible at the nozzle exit and at the two-phase gas stream-
lines are coincident with the computed no-lags streamlines. A paper by Winer and
Morey2 lends some validity to this assumption. Figure III-7 shows the results of
this calculation.

The loss in delivered performance due to temperature and velocity dif-
ferences between the two phases present in the exhaust gases was obtained by
computing the one-dimensional two-phase flow field. Several published worka3'4
are available presenting the derivation of the equations describing the isen-
tropic expansion of the two-phase flow. The integration of these equations is
a straightforward process on a high-speed electronic computer, The specific

impulse figure thus obtained was divided by the one-dimensional no-lags impulse

1Rao, G.V.R., "Optimum Thrust Performance of Contoured Nozzles.'" Paper pre-

sented at Liquid Propellant Information Agency Conference, December 1959,

2w1ner, Richard, and L. Morey, 'Nozzle Design for Solid Propellant Rockets.'
Presented at the Solid Propellant Rocket Research Conference, Princeton Uni-
versity, Princeton, N.J., January 28-29, 1960.

3Kliegel, J.R., '"One Dimensional Flow of a Gas Particle System." Institute of
Aeronautical Sciences, Preprint No. 60-5, January 25, 1960.

4Bailey, W.S., "Gas Particle Flow in an Axisymmetric Nozzle," American Rocket
Society Journal., June 1961, pp. 793-798.
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Figure III-3. Hydrostatic Pressure Test Setup After Test No. 1.
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Figure TII-4. Nozzle After Hydrostatic Pressure Test No. 2
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Figure III-5. Hydrostatic Pressure Test of Nozzle Cone and
Retaining Ring for 17-inch Spherical Motor.
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Figure III-8. Molded 150 RPD Nozzle Cone Tested to Failure
Under Hydrostatic Pressure of 750 psi.

7¢ SO




ATLANTIC RESEARCH CORPORATION m

ALEXANDRIA,VIRGINIA

74

RADIAL LOSS EFFICIENCY (nraq)

08

97

B4

93

92

91

ARC-SR-23Al

P
/
///
/
/|
)4
/
/
;

A/A*

Figure III-7. Rao Nozzle Radial Loss Characteristics.

ConBERTIAT™

300



ATLANTIC ReszancH CompoRAaTION m

ALEXANDRIA, VIRGINIA ARC-SR-23A1

obtained previously, thus providing a measure of the lag losses. As pointed
out by Kliegel1 the one-dimensional calculation leads to results which are
quantitatively as good as the results from the more difficult axisymmetric
calculation. Figure III-8 shows the variation of lag efficiency with aresa

ratio for the optimum contours.

Figure III-9 shows the calculated ideal impulse and the expected
delivered impulse. The ideal impulse is computed assuming shifting chemical
equilibrium, one-dimensional flow, and no lags and represents the maximum im-
pulse obtainable from the propellant formulation. An assumed combustion ef-
ficiency of 95 percent and a heat and momentum boundary layer loss of 1/2 per-
cent, along with the lag and radial momentum losses, constitute the major
losses which combine to provide an expected over-all efficiency. The over-
all efficiency is applied to the ideal specific impulse to give the expected

delivered specific impulse shown in Figure III-9.

Figure III-10 shows the variation of nozzle structure weight with
nozzle length for the optimum contours. The structure weights were obtained
by laying the five contours on an assembly drawing of the motor. No attempt
was made to optimize the nozzle retention structure with respect to flange
diameter. This penalizes the shorter nozzles to some degree because the area
varies more slowly with length in the shorter nozzles, thus allowing the short
nozzles to penetrate more deeply into the motor. The weight of the internal
nozzle structure is necessarily heavier than the external structure since the

exhaust gases contact both the inner and outer surfaces of the nozzle.

Figure III-11 shows the calculated payload and total up-stage weight
variation with nozzle length. These calculations include all motor hardware in
the final configuration but do not include interstage coupling and aerodynamic
fairings. These weights would in any case be charged to the payload of the

previous stage assuming they are jettisoned or left behind upon stage ignition.
The conditions for the optimization are as follows:

Velocity increment . . . . . . . . . . 8,430 ft/sec
Maximum total up-stage weight . . . . 2,500 pounds

lkliegel, J.R., and Ganz Nickerson, "Flow of Gas-Particle Mixtures in Axially
Symmetric Nozzles.'" American Rocket Society Conference on Propellants and Com-
bustion and Signal Rockets, Palm Beach, April 26, 1961.
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Inert parts weight (less nozzle)

Case . « + « o« v o « s « o+« . 44,4 pounds
Studs . . « « + + « « + « « + + . 0.43 pound
Insulation . . . . . . « « « . o 11.00 pounds
Attachment lugs . . . . . . . . . 15.75 pounds
Fuel weight . . . . . « « « « « « . . 1,280 pounds

It is evident from Figure I1I-11 that the optimum nozzle length lies outside
of the stage space envelope. A nozzle having a length of approximately 25
inches was chosen for the final design. This choice results in a payload
capability of 787 pounds and a stage gross weight of 2,178 pounds. Since the
resulting total up-stage weight is less than the maximum allowable, it may

be advisable to extend the stage envelope by adding additional interstage
structure. This decision depends on a performance evaluation of the entire

system; however, the information provided can be used in making such a decision.

Figure III-12 shows the evaluated performance of a conical contour
of the same length as the chosen Rao contour. Several nozzle half-angles were
used in the calculations to determine the best performing conical contour. As
can be seen, the Rao contour outperforms the best conical nozzle by a little
more than 2 percent. This difference is greater than that reported in similar

investigationsl’z, and is probably optimistic by 0.5 percent.

ATTACHMENT LUG FOR THE 36-INCH SPHERICAL MOTOR

A subscale attachment lug was tested to obtain the information re-
quired to determine the contact area for the lug to be used on the 36-inch
spherical motor. The lug dimension scaling ratio was 2:1, and the load

scaling ratio was 4:1.

1Winer, Richard and L. Morey. 'Nozzle Dasign for Solid Propellant Rockets'."

Presented at the Solid Propellant Rocket Research Conference, Princeton
University, Princeton, N.J., Jan. 28-29, 1960.

2Bloomer, Harry E., et al., "Experimental Study of Effects of Geometric
Variables on Performance of Contpured Rocket Engine Exhaust Nozzles.'
NASA TN-D1181, January 1962.
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The lug was fabricated from aluminum sheet, formed into a conical
shape having a flared footing as the contact area, as shown in Figure III-13.
The footing was cold bonded to an 8.5-inch-radius titanium hemisphere with
F-1000 Film Adhesive, manufactured by the Bloomingdale Rubber Company.

A load was applied to the lug to simulate the actual flight loading
conditions. The test lug failed under a load of 1,365 pounds; the actual
subscale load, based on an estimate of final motor weight, is 1,250 pounds.
Strain-gage data indicated a maximum skin stress in the hemisphere of approxi-
mately 7,000 psi, & value in excess of the 5,000-psi stress allowable in addi-
tion to the maximum skin stress produced by the motor operating pressure.

This 7,000-psi stress could be reduced by increasing and judiciously pro-
portioning the footing area. The cold-bonding technique was shown to be ac-
ceptable for use in the full-scale attachment lug design. A detailed analysis
of this test is included in pages 26 through 38 of MED Report No. SR 207, at-
tached as Appendix D.

JGNITER

The design criteria establighed by the Jet Propulsion Laboratory
included a provisiop for an igniter which would reliably ignite the spherical
motor under vacuum conditions. It was requested that the vacuum capability
of the igniter be demonstrated prior to its use in a static firing. To ac-
camplish this task, igniter components with & proven history of vacuum per-
formance were sslectad for evaluation. Thus, a U. 8. Flare 908B squib was
selected because of its relatively high no-fire current of 0.7 ampere and
because it had been extensively tested and qualified by the U. S. Flare Divi-
sion of Atlantic Research Corporation and by the Aerojet Corporation for use
at high altitudes on the Titan missile. For the main ignition charge, it was
decided to use either the standard U. S. Flare 2D boron-potassium nitrate
pellets or pellets composed of boron and barium chromate. The former was

selected as a candidate material because of its successful history of extensive
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use throughout the igniter industry in a variety of applications. The boron-
barium chromate material was chosen because it produces relatively small

quantities of gas and would therefore be less sensitive to altitude effects.

The initial igniters were toroidal in shape and constructed from a
nylon tube loaded with two squibs and the candidate pellet charges. The nylon
tubing was 5/8 inch in outside diameter and 3/8 inch in inside diameter and
was bent into a circle approximately 6 inches in diameter. Ten holes were
drilled into the tube at such an angle that the emerging flame would impinge
on the propellant surface at the extreme after end of the motor behind the sub-
merged nozzle cone. In this manner, the remaining propellant surface would
be ignited as the initial gas products flowed around the back of the cone to
the exhaust side of the nozzle. The igniter was designed to be bonded to the
nozzle of the spherical motor in such a position as not to interfere with the

propellant grain.

An initial series of five igniter firings were conducted at sea level
to determine the most favorable of the candidate charges. The igniters were
all fired vertically; three of the firings were visually observed. A flame
pattern approximately 8 feet high emerged almost immediately upon application
of current. The physical integrity of the nylon tube was not disturbed. As
a result of these tests, a charge of between 10 to 15 grams of 2D pellets was
selected. The boron-barium chromate material was rejected because of insuf-
ficient reproducibility. Two other igniters were then loaded and Successfully
fired under vacuum conditions in an altitude test chamber. As the 17-inch
spherical motors were static fired, however, it became apparent that the ig-
nition system described above was resulting in excessive ignition delays.
Therefore, it was decided to develop an integral nozzle closure and igniter
to correct this problem. Because of the lack of funds, however, it was im-

pPossible to complete this portion of the igniter development program.
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CONCLUSTONS

At the termination of developmental testing, all of the major motor
components, except the igniter, had been proven acceptable for incorporation
into the prototype spherical motor design. The titanium case design was
proven by stress analysis and hydrostatic pressure testing and by the success
of the heavy-walled subscale motors in static test. The V-44 insulation liner
was also shown to be satisfactory in the static firing program. The design
of the nozzle for the 36-inch spherical motor was modified so that the re-
tention flange is included as part of the diffuser section rather than as an
integral part of the submerged nozzle cone. Hence, the cause of nozzle ex-
pulsion problems has been eliminated. It is expected that a satisfactory inte-
gral nozzle closure and igniter could be developed with little difficulty.

A propellant mass fraction of 0.922 is currently calculated for the
prototype 36-inch spherical motor assembly. A breakdown of component weights
is listed below.

Weight

Somponant ~{p)
Motor Case . . . . . . . .« . . v v ... 42,5
Studs . . . . . . . o e e e e e . 0.4
Nuts . . v o o s e e e e e e 0.1
Nosele Retention Ring . . . . . .. .. .. 8,5
Nozzle . . . . . . . . . . . .. ... ... 39.0
Insulation . . . . . . . . . . . .. .. .. 17.5
Propellant . . . . . . . . . . . . . . . . 1,280.0
Igniter . . . . . . .« . v« 0 e .. 0.3
1,388.3

A further weight reduction in nozzle components is considered to be a feasible

approach in attaining an even higher fraction.
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IV. STATIC FIRING OF SUBSCALE MOTORS

SUMMARY OF RESULTS

Six heavy-walled steel, 17-inch spherical subscale motors were
static fired during the development program. Three of these were loaded with
beryllium-containing propellants of the Arcane 40 series; the remaining three
contained Arcane 42 propellant, the aluminum analogue of Arcane 40. The lat-
ter motors were fired to evaluate motor components and assembly techniques
without the introduction of a propellant performance variable. The firing

results are summarized below.

Test Firing Arcane Test

No. _Date —No. Results

178-1 12/27/61 42 Nozzle‘expelled at 1 second

178-2 1/17/62 42 Successful; burned for 22 seconds

17S8X-1 4/9/62 40 Nozzle insert and liner expelled
at-19 seconds

17SX-2 5/31/62 40X Nozzle expelled on ignition

178-3 7/10/62 42 Successful; burned for 18.7
seconds

175X-3 10/11/62 40CX Case ruptured on ignition after

20-second hang-fire

TEST 17S5-1

This first heavy-walled spherical test motor was loaded with Ar-
cane 42, aluminum-containing propellant and fired in December 1961. The
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test objectives were to evaluate the grain design, ignition characteristics,
prototype liner material, and general assembly techniques. The motor assembly
is shown in Figure IV-1.

Prior to the installation of the thermal insulation liner, the
motor case was subjected to & hydrostatic proof-pressure test of 900 psi
applied for three minutes. After application of the V-44 asbestos rubber
liner, polyurethane foam with a density of approximately 4 1b/ft3 was placed
in the after end of the motor. Adjacent to the polyurethane foam on its
forward side was bonded a wedge of neoprene foam as shown in Figure IV-1.
The exposed surfaces of the motor case liner and the neoprene were then
coated with a primer composed of two parts 40X-415 Stanley primer and one
part 79R-192 Stanley thinner, both manufactured by the Stanley Chemical Cor-
poration. The first coat was allowed to air dry and then a second coat was
applied and cured two hours at 50°C. The same surface was then coated with
polyurethane PUX-251 and allowed to cure at room temperature for a minimum
of four hours. Arcane 42 propellant batch 137H was cast into the motor and

subsequently cured for three days at 125°F plus two days at 140°F.

Static test 178-1 was conducted on December 27, 1961, at Atlantic
Research Corporation's Pine Ridge Test Facility at Gainesville, Virginia.
The nozzle was expelled after approximately ‘1 second of burning. An ap-
proximate chamber pressure of 420 psi was attained immediately prior to
failure. The cause of failure was attributed at that time to a combination
of insufficient engagement of the threads on the nozzle retention studs and
of incorrect stud material. The minimum yield strength of the studs was de-
termined to be 45,000 psi rather than the 90,000 psi specified by design.
Subsequent testing of nozzles of similar design indicated, however, that
the primary source of failure was in the nozzle material itself. It was
demonstrated in these tests that the nozzle fails in tension at a chamber
pressure of approximately 400 psi with cracks appearing in the asbestos-
phenolic immediately opposite the O-ring groove at the after end of the nozzle.
The nozzle problem is discussed in detail in the Motor Component section of

this report.
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The deficiency in nozzle design was obscured in test 175-1 since
it was impossible to determine whether the nozzle had broken-up prior or
subsequent to expulsion. Hence, the only corrective action taken at that
time was to ensure that the following motors were fitted with longer studs

of design strength.

TEST 17S-2

The second heavy-walled motor, which also contained aluminized
Arcane 42 propellant, was fired to evaluate the grain design, ignition
characteristics, prototype liner material, and general assembly techniques
for the 17-inch spherical motor. The motor assembly of this unit is shown

in Figure IV-2,

The case was accepted for test after having passed the 900-psi
proof-pressurs test. Subsequent to being lined with the V-44 asbestos
rubber, the case assembly was inspected and found to be normal and free of
defects. The liner in this unit covered the entire internal surface of the
case. The thickness varied from 0.060 inch at the forward end to 0.230 inch
at the flanged nossle opening. An insulation ring of 1/4-inch thickness was
bonded around the opening to provide an additional heat shield for the nozele
O-ring.

Prior to the casting of the propellant, polyurethane foam, having
a density of approximately 4 1b/£t3, was placed in the motor to afford an
ignition surface at the nossle end of the grain. The internal surface of
the liner, up to but excluding the foam, was then coated with Stanley primer.
The first coat was allowed to air dry, after which a second coat was applied
and allowed to cure "2 hours at 50°C. The surface was then coated with two

applications of PUX-251 and allowed to cure at room temperature for 4 hours.
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On January 17, 1961, Arcane 42 Propellant batch 148H was cast into
the motor and subsequently cured for approximately six days at 125°F. No
defects in the cured grain were disclosed in visual and radiographic exami-
nations. The motor, after removal of the casting mandrel, is shown in
Figure 1IV-3,

To ensure against a second nozzle failure, the motor was assembled
with a heavy steel external nozzle having an ATJ graphite throat insert and
an asbestos -phenolic entrance section. The submerged nozzle was not used
because of the immediate necessity of evaluating propellant performance and
the other motor components in a firing of full duration.

Firing number 178-2 was conducted on February 7, 1962, at Atlantic
Research Corporation's test facility at Corolla, North Caroclina. The motor
was ignited with the toroidal igniter described in the Motor Component
section of this report. After a 3.9-second delay, motor burning initiated
and continued without incident for 22.53 seconds. The ballistic data and
curves from this firing are presented in Table I and Figure IV-4. The curves
exhibited a sharp regressive tendency during the latter half of'tha firing.

The expended motor case was subsequently sectioned for visual
examination; a photograph of the sectioned motor is presented in Figure IV-5,
This examination revealed that the web at the base of the internal perforation
had burned through prior to the web along the sides of the perforation. This
phenomenom explained, at least partially, the regression observed during the
latter part of burning. The casting mandrel setup was checked to ensure that
the mandrel could not have been displaced during the casting operation, A
change in grain design was then effected to increase the web thicknaess at
the base of the perforation by 1/2 inch.

The analysis of expended parts also indicated that a substantial
reduction in the thickness of the thermal insulation liner was possible.
This change, however, was postponed until more definitive data could be
obtained.
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STATIC FIRING DATA FOR 17-INCH

Grain number . . . .
Propellant . . . . . . .
Average pressure, psi
Burning time, seconds .

Burning rate, in/sec . . .

Discharge coefficient, 1b/lb-sec .

Total impulse, lb-sec
Average thrust, pounds . .
Specific impulse, lb-sec/lb

Ignition delay, seconds

TABLE I

.
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148H-1
Arcane 42
576.9
22.53
0.227
0.006769
26,988
1,173
213
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TEST 17SX-1

The first heavy-walled spherical motor loaded with beryllium-
containing propellant was static fired in April 1962. This motor was fired
to evaluate the internal ballistics, prototype nozzle material, propellant,
liner material, and igniter for the 17-inch-diameter design. The motor as-

sembly is shown in Figure IV-6,

The motor case was found acceptable in visual and dimensional in-
spections and in the 900-psi hydrostatic pressure test conducted prior to
loading. The asbestos rubber liner was installed to the same dimensions as
the liner used in the motor of test 175-2; the lined case appeared to be
normal and free from defects. Polyurethane foam, Staniey primer, and PUX-251

were then placed in the motor case in the same manner as in the previous motor.

On March 21, 1962, Arcane 40 propellant batch 205H was cast into
the motor and subsequently cured for approximately six days at 125°F., The
cure appeared to be marginal, and propellant surface defects were noted as
shown in Figure IV-7. These defects were caused by a surface layer of tacky
propellant sticking to the mandrel during the curing operation. Although
this tacky consistency was eliminated as post curing occurred during ex-
posure to ambient conditions, the propellant grain surface was left in a

rather pitted condition.

The nozzle used in this firing was of the same design as that used
in firing 17S5-1 except for minor differences in the graphite throat insert
and liner assembly. The nozzle retention rings, however, differed signi-
ficantly. The small steel ring used in 175-1 was replaced with two larger
rings: a 1/4-inch-thick phenolic ring supported by a 1/16-inch-thick steel
ring. Both rings extended over the asbestos-phenolic flange and the graphite

liner; in 17S-1, the ring covered only a portion of the flange.

Static test 175X-1 was conducted on April 9,192, at Atlantic Re-
search Corporation's test facility at Corolla, North Carolina. Ignition was

accomplished by means of the prototype torus igniter. After an ignition
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delay of approximately 1.5 seconds, the motor burned for 19.18 seconds, at
which time the nozzle insert and liner were expelled. The thrust-time curve
and ballistic data are presented in Figure IV-8 and Table II. No pressure
data were recorded for this firing because of a stoppage in the pressure
lines. It had been requested by the Jet Propulsion Laboratory that the pres-
sure taps be manifolded so that a nitrogen-purge system could be used imme-
diately after the firing to quench any burning of the insulation. Because

of the nature of this system, the pressure lines could not be filled with

vacuum grease and consequently became clogged.

A post-firing examination disclosed that the entire entrance portion
of the nozzle assembly was lost during the firing, as shown in Figure Iv-9.
The erratic nature of the firing trace indicates that deterioration of the
nozzle and expulsion of material began after approximately 8 seconds of
burning. A redesign of the nozzle was initiated to eliminate the graphite
liner and replace it with a material with more structural strength. In the
first design submitted to JPL for approval, the graphite sleeve was replaced
with a graphite cloth bonded to the asbestos-phenolic cone. This design was
rejected by JPL because of previous problems encountered in the use of simi-
lar nozzles. A second design was then agreed upon by JPL and ARC in which
the asbestos-phenolic cone was increased in thickness and the graphite
material was completely eliminated. No change was made in the surface con-
figuration of the phenolic cone. This design also incorporated the AHDG
graphite throat insert and nozzle entrance section as an integral part to
be bonded to the phenolic cone. The interface of the phenolic and graphite
is.then wrapped with graphite cloth for thermal protection and to prevent
dislocation of the insert during firing. The approved nozzle design is

shown in Figure IV-10.

A reduction in the thickness of the motor thermal insulation
liner was effected after post-firing inspection again disclosed that the
insulator was more than adequate. The increase in web thickness at the bot-
tom of the grain perforation appeared to have resulted in uniform burning

characteristics.
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TABLE II
BALLISTIC DATA SUMMARY

17-INCH SPHERICAL MOTOR TEST 178X-1

Arcane 40 Propellant

Grain No. 205H-1

Ignition Delay, ty> sec 1.458
Ignition Time, ti’ sec 0.172
Burning Time, t,» sec 19.209
Action Time, ta’ sec 21.699
Time to Failure, sec 19.182
Total Impulse, Ia’ lb-sec 23,216
Specific Impulse, Isp, lb-sec/1b 195.85
Average Thrust, Fa, pounds 1,070
Maximum Thrust, Fmax’ pounds 1,240

Definitions

t

d’

i’

b’

’

time from ignition current applied to first indication of thrust on

startup

time from first indication of thrust to 75 percent maximum thrust on

startup

time from 75 percent maximum thrust on startup to corresponding thrust

on tailoff

time from 10 percent maximum thrust on startup to corresponding thrust
on tailoff

impulse over action time limits
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TEST 17SX-2

The second heavy-walled spherical motor loaded with beryllium-
containing propellant was static fired in May 1962 in test 17SX-2. The
assembly of this motor is shown in Figure IV-11,

The motor case was found to be acceptable in visual and dimensional
inspections and in a hydrostatic pressure test performed by the manufacturer.
The motor case was lined with V-44 asbestos rubber; a visual inspection
showed the lined case to be normal and free from defects. In contrast to
Previous units, the rubber insulation did not cover the entire internal
surface of the motor case. The thickness of the insulation varied from 0.125
inch at the motor case flange to approximately 0.010 inch at a location ap-
proximately 11.125 inches below the flange. The lower quarter of the surface
area of the motor case was left uncovered. In addition, there was a 1/4-inch
ring of V-44 insulation material bonded in the flanged opening to serve as a
thermal protector for the nozzle O-ring. The polyurethane foam, Stanley
Primer, and PUX-251 were then installed in the case assembly in the same

manner as previously discussed.

On April 24, 1962, beryllium-containing Arcane 40X propellant batch
number 231H ~ was cast into the motor and subsequently cured for three days
at 125°F and seven days at 135°F. The grain cure appeared to be satisfactory.
A radiographic examination of the 1loaded motor showed no evidence of pro-
pellant separation or cracks; however, there were indications of porosity in
one area of the grain. The extent of the porous area was not considered suf-
ficient to be detrimental to motor performance. The motor incorporated a
torus igniter containing two U. S. Flare 908B squibs and 18 grams of U. 8§,
Flare 2D ignition pellets. The nozzle was of the revised design described
under test 17SX-1 and shown in Figure IV-10.

Static test 17SX-2 was conducted at Atlantic Research Corporation's
Corolla, North Carolina, facility on May 31, 1962. After approximately a 2.1-
second ignition delay, the motor ignited and the heavy nozzle was immediately
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expelled. The propellant subsequently burned for approximately 2 minutes at
ambient conditions, and eventually burned a hole through the motor case wall.
The nozzle was broken between the conical body and the flange. The conical
portion, shown in Figure IvV-12, was found approximately 300 feet from the
test stand, but the flange portion was not recovered immediately after the
test. A small piece of the flange was later recovered and is shown in

Figure IV-13.

The available ballistic data and the pressure and thrust versus
time curves are shown in Figure IV-14. The data correlation between the two
pressure transducers was not satisfactory. One transducer indicated a peak
pressure of approximately 750 psia; the other recorded a peak of approxi-
mately 1,100 psia. In view of the fast rise time, it may be assumed that

the response from one transducer was lagging the other by a small increment.

To clarify the mode of failure in this test, two nozzles of the
design used in 178X-2 were hydrostatically pressure tested as discussed in
Section III of this report. These tests indicated that tensile failure of
the nozzle occurs at a chamber pressure of approximately 400 psi. Hence,
the nozzle was redesigned to incorporate a heavy steel retaining ring in
place of the integral flange. A nozzle of this design was fabricated and

successfully subjected to a hydrostatic pressure of 900 psi.

TEST 17S-3

The purpose of firing 175-3 was to evaluate: (1) the redesigned
nozzle and retention system; (2) a mew integral nozzle-closure and ignition
system. The heavy-walled steel, 17-inch spherical motor was loaded with
Arcane 42 propellant, the aluminum-containing analogue of Arcane 40X, and

fired in July 1962. The motor assembly is shown in Figure IV-15.

To reduce the excessive ignition delays which had been experienced

in previous firings, an integral nozzle closure and igniter was developed
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3073

3a72

Figure IV-12, Nozzle from Firing Test 17SX-2 Showing
Break Immediately Above "O"-Ring Groove.
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Arcane 40X Propellant
Grain No, 231-H
Ignition Delay 2,1 seconds
Time to Failure 2,1 seconds
Burning Time after Pailure Approximately 2 minutes
Maximum Pressurs Approximately 1100 pei
°
& _ 127p
bN 9 ,
& I !
] [}
Ev 6t be— P2; Paak 1100 psi
< P1; Peak 750 poi
18 §
2
2 b
ok
l° |
g 6 Figure L
o 'Y & A .
0 1 2 3 4 5
Time = Secouds
Motor Waighta:
Comnonant Haight (1bs)
Motor Case Number 18 28,85
Insulation 2,90
FYoam and Primer 0.78
Polyurethane (PUX) 0.46
Propellant 122,80

Total 155.79

Figure IV-14. Ballistic Data Summary—17-inch Spherical Motor Test 17SX-2.
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for use on this motor. A system of this kind was designed, fabricated, and
successfully tested for functioning characteristics. The assembly is shown
in Figure IV-16.

The motor case for firing 178-3 was found acceptable in visual
and dimensional inspections and in the 900-psi hydrostatic pressure test.
The Jet Propulsion Laboratory requested that the insulation liner used for
this motor be of the same dimensions used initially in the program to reduce
the possibility of failure by burn-through. The V-44 insulation was installed
to the same dimensions as those used for the liner on firing 17S-2, inspected,
and found to be acceptable. The polyurethane foam, Stanley primer, and PUX-

251 were then installed in the same manner as previously described.

On July 10, 1962, the motor was loaded with Atlantic Research Cor-
poration's Arcane 42 aluminum-containing propellant, batch number 303H.
The grain was cured for five days at 135°F to 140°F and subsequently sub-
Jected to a radiographic inspection, which revealed no grain defects. Fir-
ing 17S-3 was conducted at Atlantic Research Corporation's facility at
Corolla, North Carolina, on July 29, 1962, under simulated altitude condi-
tions. The pressure and thrust characteristics, neutral during the first
9 seconds” ‘of" burning;~, became predominantly regressive during the latter
half of the firing. The Pressure reached a peak of 840 psi at # seconds
and then dropped to 540 pai at tail-off; the average pressure over the action
time was 712 psi. The 18.7-second action time was approximately 3 seconds
shorter than had been anticipated. This was attributed to the high burning
rate resulting from the unexpectedly high pressure experienced during the
first half of the firing and because the physical dimensions of the grain
were smaller as a result of thicker insulation. The severe regressivity
was at least partially a result of nozzle throat erosion. The throat
diameter after firing varied from 0.060 to 0.080 inch greater than the
initial diameter of 1.304 inches. Ballistic data are presented in Figure
Iv-17.
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The nozzle and nozzle retention system maintained their structural
integrity throughout the firing. Photographs of the nozzle and of the seg-
mented nozzle body are shown in Figures IV-18 and IV-19. As shown by the
latter photograph, the material thickness of the nozzle could be reduced
appreciably without affecting motor safety. The char rate of the 150 RPD
asbestos phenolic was approximately 0.054 in/sec on the side of the nozzle

subjected to exhaust and approximately 0.96 in/sec on the opposite side.

The integral nozzle closure and igniter assembly failed to function
as expected: the igniter was expelled too quickly to effect propellant ig-
nition. It was necessary to ignite the motor with approximately 20 grams of
U. S. Flare 2D ignition pellets, retained in a polyethylene bag, and a U. 8.
Flare 908B squib. Had funds been available to continue the development of
the igniter, the next step would have been to increase that portion of the
igniter which extends past the closure into the motor. Radial holes could
then be drilled in the igniter, thereby reducing the load on the closure

as the igniter functions.

TEST 17SX-3

The sixth heavy-walled steel, 17-inch sphérical motor was fired in
test 175X-3 as a final evaluation of the beryllium-containing propellant
system. The motor assembly was identical to that shown in Figure IV-15
for test 17S8-3.

The motor case for firing 17SX-3 was found ta be acceptable in
visual and dimensional inspections and in the 900-psi hydrostatic pressure
test conducted prior to loading. The interior of the motor case was sub-
sequently insulated with V-44 asbestos rubber and inspected for any ab-
normalities or defects. The inspection showed the liner to be normal and
free from defects. Again the thick-walled insulation liner was used. since
it was desirable to keep the variables at a minimum. After the liner was

installed, the polyurethane foam, Stanley primer, and PUX-251 were placed
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Figure IV-18. Two Views of Nozzle and Nozzle Insert
from Spherical Motor Firing 178-3.

/33 AN



ATLANTIC RESEARCH CORPORATION

ARC-SR-23A1

ALEXANDRIA,VIRGINIA

*SSUPIYY, Jeq) Suimoys g-g,,1 Surag
JOJOW TeOo1I9yds woxy 31ZzzoN pajuowdag *61~Al 331y

/3%



aranmie Reseancn conranarion NN

/s&

ALEXANORIA, VIRGINIA ARC-SR-23A1

into the lined case as in previous motors. The motor was then loaded with
Arcane 40CX propellant batch number 349H on August 8, 1962. The grain was
cured for five days at 135°F to 140°F. The motor was then subjected to a
radiographic inspection, and no apparent grain defects were observed. A

nozzle of the same design as that used in test 17S-3 firing was used in this

-motor, even though a material reduction could have been safely accomplished.

The igniter consisted of 20 grams of U. S. Flare 2D pellets, retained in a
polyethylene bag, and two U. S. Flare 908B squibs. It was necessary to use

this ignition system because of monetary considerations.

The motor was static tested at the Corolla, North Carolina,
facility on October 11, 1962. After initiation of the igniter, the motor
failed to ignite for approximately 20 seconds. At that time, the motor over-
pressurized, the case ruptured, and the nozzle was expelled. The nozzle was
recovered intact and, except for a chipped graphite insert, showed no ap-
parent damage. The ballistic recorders were inadvertently turned off ap-
proximately " 10 seconds after igniter initiation. Consequently, it has been
difficult to accurately determine the cause of over-pressurization, The motor
had been stored in an uncontrolled atmosphere prior to static firing for a
month and a half after radiographic inspection. Hence, it is possible that
grain defects could have developed during this period as a result of tem-
perature changes. It i3 suspected, however, that the gradual build-up of
propellant gases during the long hang-fire situation created an explosive

atmosphere which caused the motor to fail on ignition.

RECOMMENDATIONS FOR FUTURE TESTING

Further developmental testing of the integral nozzle closure and
igniter would be required prior to the completion of the heavy-walled sub-

scale motor test program. It is recommended that a series of preliminary
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ignition studies be conducted in small test motors containing only enough
Propellant to duplicate the actual propellant surface used in the 17=-inch
motor. After an igniter design was demonstrated to be satisfactory, a final
heavy-walled steel, subscale spherical motor would be fired. The purposé of
this firing would be to evaluate the lightweight nozzle cone as well as the
final igniter design. The grain used in this test would be cast from the
Arcane 42 aluminized Propellant and would be modified so as to eliminate
regressive burning characteristics. With the successful firing of this
motor, the 17-inch subscale titanium motors could be fired to determine

the ballistic performance of the beryllium—containing Propellant.
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PROPELLANT FORMULATIONS AND INGREDIENTS

Arcane 30 contains: 60 percent ammonium perchlorate (7:3 24-mesh
unground/2TH 6900 rpm grind); 20 percent aluminum (Alcoa 123); and 20 per-
cent JPL polyurethane binderl.

Arcane 38 contains: 67.50 percent ammonium perchlorate (7:3
24-mesh unground/2TH 6900 rpm grind); 12.50 percent beryllium (Brush "17-

micron™); and 20 percent JPL polyurethane binder.

Arcane 39 contains: 68.55 percent ammonium perchlorate (3:1
24-mesh unground/2TH 6900 rpm grind); 13.45 percent beryllium (Brush "17-

micron"); and 18 percent JPL polyurethane binder.

Arcane 39A is the same as Arcane 39 except that the beryllium

powder is Berylco "low-oxide'.

Arcane 39AZ is the same as Arcane 39A except that the ammonium
perchlorate is a 2:2:1 blend of unground 24-mesh; Pacific Engineering

Corporation '-10+48 mesh'"; and 2TH 6900 rpm grind.

Arcane 39Y is the same as Arcane 39 except that the ammonium
perchlorate is a 5:2 blend of Pacific "-10+48 mesh" and Pacific '"Class I
Spherical'.

Arcane 392 is the same as Arcane 39 except that the ammonium
perchlorate is a 2:2:1 biend of unground 24-mesh; Pacific '-10+48"; and
2TH 6900 rpm grind.

1The "JPL polyurethane binder'" referred to above is a polyurethane binder
of the JPL X-535 type with " 2,4~toluene diisocyanate, polypropylene glycol
2025-1, trimethylol propane, and Alrosperse l1P in an equivalents ratio

of 1.05/0.78/0.11/0.11. Nominal catalyst content is 0.472 percent ferric
acetylacetonate. Neozone D (phenyl-B-naphthylamine) is used as an anti-
oxidant in a concentration of 1.2 percent.
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Arcane 40 contains: 67.05 percent ammonium perchlorate (4:1
24-mesh unground/2TH 6900 rpm grind); 14.95 percent beryllium (Brush "17-
micron"); and 18 percent JPL Polyurethane binder.

Arcane 40A is the same as Arcane 40 except that the beryllium
powder is Brush '"325-mesh'.,

Arcane 40BX contains: 67.05 percent ammonium perchlorate (2:2:1
24-mesh unground/Pacific "-10+48 mesh"/2TH 6900 rpm grind); 14.95 percent
beryllium (General Astrometals "400-mesh"); and 18 percent JPL polyurethane
binder.

Arcane 40CX is the same as Arcane 40BX except that the beryllium
powder is Brush "17 + 5 micron" (1755),

Arcane 40W is the same as Arcane 40 except that the ammonium
Perchlorate is a 3:2 blend of Pacific "-10+48 mesh" and Pacific "Class I
Spherical”.

Arcane 40X is the same as Arcane 40 except that the ammonium
perchlorate is a 2:2:1 blend of unground 24-mesh; Pacific “-10+48 mesh"™;
and 2TH 6900 rpm grind.

Arcane 40Y 1s the same as Arcane 40 eéxcept that the ammonium
Perchlorate 1s a 5:2 blend of Pacific "-10+48 mesh" and Pacific 'Class I
Spherical.

Arcane 40Z is the same as Arcane 40 except that the ammonium
pPerchlorate is a 5:3:1 blend of unground 24-mesh; American Potash and
Chemical Co. "extra large'; and 2TH 6900 rpm grind,

Arcane 42 contains: 57.831 percent ammonium perchlorate (7:3
24-mesh unground/2TH 6900 rpm grind); 24.169 percent aluminum (Alcoa 123);
and 18 percent JPL Polyurethane binder.

Arcane 42X is the same as Arcane 42 except that the ammonium
Perchlorate is a 2:2:1 blend of unground 24-mesh; Pacific "-104+48 mesh";
and 2TH 6900 rpm grind.

A-2
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Arcane 42Z is the same as Arcane 42 except that the ammonium
perchlorate is a 5:2 blend of Pacific "~10+48 mesh' and Pacific 'Class I
Spherical'.

Arcane 47 contains: 67.83 percent ammonium perchlorate (2:2:1
unground 24-mesh/Pacific "=-10+48 mesh'/2TH 6900 rpm grind); 14.17 percent
beryllium (Brush "17-micron"); and 18 percent JPL polyurethane binder.

¥/
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S of C

Fo:gulﬂtiogs

Composition, wt percent
Binder
Beryllium
Aluminum
Ammonium Perchlorate

Flame Temperature, °K

ogsitions d

o Fo
Arcane

30
20.00

20.00
60.00
3309

Specific Impulse®, 1b-sec/1b  260.7

Polypropylene glycol 2025-one .

Hylene T

Estane B-5720 (p-2 prepolymer).

Ferric acetylacetonate
Trimethylol‘propane . .
Neozone D ., , ., | PN
Alrosperse 11P , ,
Dioctyl azelate . . v
Beryllium powder

Aluminug powder (Alcos)

I M ) ARC-SR-23A1

o al P [ nce

Arcane Arcane Arcane Arcane Arcane

38 39 40 42 47

20.00 18.00 18.00 18.00 18.00
12.50 13.45 14.95 - 14.17
- - - 24,17 -
67.50 68.55 67.05 57.83 67.83
3394 3520 3556 3456 3540
280.9 281.2 282.4 261.1 281.9

S 8

Union Carbide, Baltimore, Maryland
DuPont, Wilmington, Delaware

B, F. Goodrich, Cleveland, Ohio
Norac, Azusa, California

Celanese Corp., New York, N.vY.
DuPont, Wilmington, Delaware

Geigy Corp., Yonkers, New York
Emery Industries, Cincinnati, Ohio

Brush Beryllium Corp., Cleveland,
Ohio (BBC)

Beryllium Corporation of America,
Hazelton, Pa, (Berylco)

General Astrometals, Yonkers, N.Y.
Alcoa, Conlhohocken, Pennsylvania

'Specific impulse for a chamber pressure of 1000 psi, an exhaust pressure
of 1 atmosphere, and Pre-combustion temperature of 20°C, assuming shifting
chemical, thermal, and momentum equilibrig throughout expansion of the
combustion product through the rocket nozzle.
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Suppliers (continued

Ammonium perchlorate . . . . . . . . American Potash, New York, N.Y.
Pacific Engineering, Henderson,
Nevada

DB castor oil . . . « . « « + o« « o & Baker Chemical Co., Philipsburg,
New Jersey

Hylene M . . . . . . .+ + ¢ o o o DuPont, Wilmington, Delaware

Polyethylene glycol 400 . . . . . . . Union Carbide, Baltimore, Maryland

LP-3 . . . . o e e e e e e e e e Thiokol Chemical Co., Trenton,

New Jersey

(Y3
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FACILITIES FOR PROCESSING AND TESTING BERYLLIUM PROPELLANT

Under the sponsorship of the Air Force and the Advanced Research
Projects Agency, Atlantic Research Corporation has evaluated powdered beryl-
l1ium metal as a high-energy fuel in solid propellants by the fabrication and
static firing of both 10-pound and 50-pound test grains. Because of the high
toxicity of beryllium and its compounds, this work has been carried out in an
isolated propellant-development facility especially designed and constructed
for the purpose. The avoidance of a neighborhood contamination above that
allowed under Atomic Energy Commission recommended standards has required
particular effort tn the selection of equipment and methods for static-firing
tests. This section discusses the facilities and specialized equipment that
have resulted in the accomplishment of static~-firing tests within the stringent
requirements recommended by the Atomic Energy Commission. The industrial hy-

giene and air-pollution control program in operation is described in Appendix E.

The high-energy propellant facilities utilize an 80-acre portion of

the Atlantic Research Pine Ridge Plant (Figure B-1). This plant occupies a
588-acre tract in rural Prince William County, Virginia, approximately 35
miles west of Washington, D. C. The terrain is gently rolling and heavily
wooded. Annual rainfall averages over 30 inches and is well distributed
throughout the year. Wind velocities are usually moderate, and periods of
complete calm are rare. Prevailing winds throughout most of the year are
from such directions that areas downwind from the project are largely unin-

habited for distances up toO several miles.

These characteristics combine to give the selected site favorable
conditions for atmospheric dilution of stack losses, low "qustiness' or poten-
tial for resuspension of any sedimented dusts or fumes, and an acceptably low
density of neighbors who might be exposed to toxic clouds in the event of a

large-scale accident.

B-1
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Except for the problems of industrial hygiene peculiar to working
with powdered beryllium, all propellant processing is straightforward. Oper-
ations during which beryllium might become airborne are conducted in a two-
man glove box. Propellant mixing is accomplished with a planetary mixer
fitted with a vacuum cover. This equipment is shown in Figure B-2. Motor
casting is carried out by slit-filling of the propellant into an evacuated
motor. A mixer and vacuum casting chamber are connected for direct casting
from the mixer. A forced convection, hot-air oven, provided with controlled-
temperature hot water in finned-tube heating coils is used for propellant
curing operations. The cured grains are trimmed in the two-man glove box

prior to assembly of the motors.

To conduct safe static-firing tests of beryllium propellants and
avoid contamination of both the immediate vicinity and surrounding areas
farther downwind, it 1is necessary to cleanse rocket exhaust gases of toxic
materials before release into the atmosphere. At Atlantic Research this is
accomplished by firing the rocket motor into a closed chamber and venting
the fumes through a Pease-Anthony venturi scrubber which removes particulate
matter from the gases before discharge to the atmosphere through a stack. The

following paragraphs discuss the operation of this facility.

Static firing of beryllium-containing solid-propellant grains are
conducted in the large test tunnel shown in Figure B-3. This tunnel, with
a volume of approximately 7,000 cubic feet is composed of a l-inch-thick steel
pressure vessel 8 feet in inside diameter and 140 feet long. An internal
dished head with a 20-inch manhole-flange divides the tunnel into two parts:
a l4-foot-long loading and decontamination chamber, and a firing chamber.
The Pease-Anthony scrubber is connected to the tunnel at the downstream end.

The thrust stand consists of two parallel steel rods, mounted hori-
zontally to a 3-inch-thick steel blind-flange that is fitted to the 20-inch
manhole-flange of the firing chamber. The rocket motor is mounted on a car-
riage which rides on the horizontal steel rods by means of linear roller bear-
ings. The load cell is mounted directly to the steel blind-flange and attached
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Figure B-2. Propellant Mixing Facilities.
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Figure B-3. Controlled Atmosphere Static Firing Facilities.
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to the rocket motor through a mono-axial thrust bearing. Alignment of the
rocket motor and load cell is checked periodically. Instrumentation leads

are brought through sealed connectors on the steel blind-flange.

To prevent the instantaneous rate of gas flow into the scrubber
from exceeding design limits, there is a valve between the tunnel and the
scrubber. This valve is closed during the firing, and the exhaust gases
are completely contained. After the firing the gases are slowly bled into
the scrubber at a rate such that the scrubber efficiency remains high. To
minimize tunnel pressure buildup, a water-deluge system is used to cool the
rocket motor exhaust gases during the static firing. The water-deluge tank
is on top of the firing tunnel. The deluge tank is charged with about 600
gallons of water, and the space above the water is pressurized to 300 psig.
Upon opening of a remotely controlled valve at the bottom of the deluge
tank at the moment of firing, the water flows through a distribution pipe
into the rocket exhaust stream in a time interval set (by means of a manual
valve) to coincide approximately with the firing duration of the rocket motor.
In firings of 10-pound grains, the tunnel pressure buildup is normally about
2 psi, In 50-pound motor firings, this presasure buildup is normally about
7 pei. To simulate firings at sea level conditions, the firing tunnel is
normally evacuated alightly prior to firing using the large vacuum pump dis-
cussed subsequently in connection with simulated altitude firings. By this
means, the average tunnel pressure during 10-pound motor firings is maintained
at approximately sea lavel conditions.

A digital instrumentation system is used for thrust measurements,
while analog records are obtained for both thrust and pressure (Figure B-4).
Thrust is measured with an Alinco Model 341D load cell, rocket motor pres-
sure with an Alinco Model 311 gage, and tunnel pressure and diffuser tube
pressure with Statham absolute pressure gages, ranges of 0 to 2, 0 to 5, and
0 to 25 psia. Precision calibrating resistors are used with a 6-wire cir-
cuitry. The values of the calibrating resistors corresponding to pounds-
force for each load cell or to psi for each pressure transducer are obtained
through direct calibration against National Bureau of Standards calibrated

50
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weights., The gages are recalibrated at routine intervals. Immediately be-
fore and after each firing, the calibration resistors are switched into the
circuit to provide reference points. Four calibration values are normally
used corresponding to 25, 50, 75, and 100 percent of full scale for the range
of the particular gage. For vacuum firings, pre-firing conditions are ob-
tained with manometers or McLeod gages. To prevent pressure fluctuations in
the tunnel from affecting the output of the load cells, vented load cells

are used.

The 150-pound firings were carried out at Atlantic Research Cor-
poration's North Carolina site. Known as Corolla, the site is on the Outer
Banks roughly midway between Virginia Beach, Virginia, and Nagg  Head, North

Carolina. The location is indicated on the area map in Figure B-5.

Corolla stretches for approximately five miles along the Outer Banks.
It is accessible by vehicle, boat,and small plane and is served by electric
power and telephone. The terrain is rolling, seashore dunes largely covered
by grass and trees, punctuated at one-half to one mile intervals by giant

dunes.

Static firing of beryllium-containing, solid-propellant grains at
the Corolla, North Carolina,site were conducted in open air using prevailing
land to sea breezes to disperse rocket exhaust gases and prevent contamination
of land area. A 12-foot-square concrete pad supports a vertical thrust stand
consisting of a 2-inch steel base plate 42 inches square with a load-cell mount-

"eye' beams are located equi-

ing hole tapped in the center. Three vertical
distant from the center on a 20-inch-diameter circle 120 degrees apart.
Flexure mounts placed atop these beams supported the flexures which in turn
prevent the motor from turning in the mount. The motor is fastened in a

harness which connects to a mono-axial thrust bearing mounted on the load cell.

For simulated altitude firings a diffuser tube is placed over the
thrust stand and sealed. The tube is pumped down to the desired initial

vacuum by means of a Kinney K-8 vacuum pump.
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Figure B-5. Regional Map of Outer Banks Facility Area.
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A digital instrumentation system is used for thrust and pPressure
measurements. Analog records are obtained as well,

Thrust is measured by means of an Alinco 341D Vented Load Gell,
Pressure is measured by means of an Alinco 311 or 151-C1 Pressure Transducer.
Bach channel is in circuit with an SRB 200F Video Instrument Power Supply,
CEC Model AI 2338 Amplifier, Dymec Model 2211 AR Voltage to Frequency Con-
verter, and a Hewlett Packard Model 521CR Counter. Analog records are re-
corded on a Heiland Visicorder.

Diffuser pressure is recorded on analog from 0 to 5 and 0 to 25
8tatham Absolute Pressure Gages.

Calibrations are carried out 48 previously described.

Is?
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ASSEMBLY OF '17-INCH 'SPHERICAL MOTOR
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STANDARD OPERATING PROCEDURES FOR
ASSEMBLY OF 17-INCH SPHERICAL MOTOR

Reference: ARC drawings - T6-23914, ED-04-09-38-1, and TD04-09-21-6
A. MOTOR PREPARATION

1. Weight of bare motor is obtained (300 pound scales1 - 3 separate
weighings for this and subsequent weighings).

2. Weight obtained after motor is lined with V-44 rubber asbestos.

3. Polyurethane foamed in place and machined. Slots cut in foam

for fins. Motor weighed.

4. Two coats of Stanley primer brushed on V-44 to intersection with
foam (excluding foam). Primer is a mixture of two parts 40X-415
Stanley primer and one part 79R-192 Stanley thinner, both manu-
factured by Stanley Chemical Co. The first coat is allowed to
air dry for 1 hour.. The second coat is applied and cured 2
hours at 50°C.

5. Two coats of PUX--2512 are brushed onto Stanley primer (excluding
foam). Two hundred grams will be used for each coat. The first
coat will be allowed to cure at ambient temperature for a minimum
of 4 ‘hours: (preferably overnight) before application of the
second coat. The PUX is mixed in the order given in the formu-
lation, then degassed with stirring for 5 minutes. The motor
is then weighed to obtain weight of Stanley primer and PUX-251.

An argon atmosphere is maintained in motor.

1Fairbanks-Morse. Weight to nearest 0.01 pound.

%Formulation: PEG 400 9.95% Araldite CN-502 4.98%
LpP-3 9.95 Hylene M 29.81
D.B, Castor 0il 45.31
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To prevent bond of propellant to foam, a coat of epoxy (90 parts
Araldite CN-502 to 10 parts Araldite HN-951 hardener) is brushed
on all exposed parts of foam and allowed to cure at ambient

temperature.
Final weight of motor obtained.

Collar and fins are installed; motor is now ready for casting.

CASTING PROCEDURE

1.

Motor is placed in vacuum chamber. Funnel is set up with 3 inch
diameter, 0.060-inch slits or teflon disc. A rubber stopper with
brass rod attached is placed over slits and chamber evacuated to
29-30 inches Hg.

Propellant is poured into funnel and rubber stopper removed. A
blanket of argon is maintained on propellant in funnel at all
times. The level of the propellant in funnel is closely watched
and maintained at a depth no less than 3 inchés to: ptrevent

blow-through and loss of vacuum.

The motor is filled to a depth measuring 2-5/8 inches below the
inner edge of the V-44 at the collar.

When it appears that this depth is reached, the flow of propellant
is stopped by inserting the rubber stopper on top of the slits

and the vacuum broken with argon. If a measurement shows more
propellant is needed, chamber is evacuated (29-30 in Hg) and more
propellant added. This procedure is followed until correct depth
is obtained.

The mandrel is assembled (Drawing T6-23914) and lowered (manually)
slowly into the propellant until the spider can ba locked into

place on the collar.

C-2
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C.  GRAIN CURING

1.

2.

The grain is cured at 135°F for 120 hours. A record of the cure cycle
is obtained with a Thermo-Electric potentiometer type recorder.

After curing, the grain is cooled overnight to ambient temperature,

D. GRAIN STRIPPING AND TRIMMING

1.

The motor is positioned and attached to the stripping stand in the
cure building, and the mandrel pulled remotely with a Black Hawk
hydraulic unit.

The collar is removed, the web of propellant between the fins and

core is cut away and the fins removed.

Any propellant along the top edge of the foam is trimmed away
(according to Drawing ED-04-09-38-1).

The slots in the beveled edge of V-44 are filled with cured V-44
bonded with Goodyear Pliobond.

A loaded motor weight is obtained.
The foem is cut away exposing the pressure tap(s).

Motor re-weighed.

E.  FINAL ASSEMBLY

/158

The noszle and igniter is assembled (Drawing BD 04-09-38-1).

The nossle, without O-ring, is lowered into position to check
fit and then extracted.

The O-ring is installed and coated with Dow-Corning Vacuum grease.

The nossle is installed and each nut torqued to 150 in/1b.
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Data for the wminimum weight design of the 36 inch spherical case
is derived from the design, fabrication, and hydrostatic test of the
17 inch experimental spherical case.

The wall thickness "t" of the spherical part of the case is given
unambiguously by the conventional;

t = _PR
20M

Where M = Membrane Design Stress.

For weight considerations then it is desirable to reduce to a
minimum the flange profile, whose dimensions primarily depend on screw
thread diameter and thread length. Studs are chosen in preference to
removeable bolts because of further possible reduction in flange length.

The stud dismeter is determined b§ prcduélbility of a minfimum dia~
meter tapped hole in the Titanium flange. '

The internal bending moment (Mo) and shear force (Qo) at the geo=~
metrical discontinuity of the sphere - flange joint are found by the
method of consistency of deforwmations.

The stress limit ( € L) requires s local increase in the shell thick-
ness (to) such that,

PR 6Mo P
2to + % £ 41

The edge moment (Mo) decays along the meridian as

Mw= Mo exp GAW)
with good approximation where w is the meridional angle from the edge
of the joint and A is the shell paramster.
A = [30-vD) 24
2

Accordingly, the w is found so that

(2, W

BB
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vhere t is the basic shell membrane thickness,

The motor is to operate effectively at a short time elevated
temperature (150°F) condition, Therefors, the following strengths
&re required of the case material,

Materialt 6AL-4V Titanium Alloy

Min., Tensile Strength at room temperature = 170,000 psy
Min, Yield Strength at room temperature = 165,060 P81
Min. Yield Strength st 150°F e (Short Time Duration) 155,000 psr

The design stresses are; M = 150,000
€L« 155000,

The motor maximum operating pressure is 800 pSI,
The design pressure s 1000 PSI.

8o the minimm margin of safety = ,25
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J.P.L. MOTOR
MOTOR CASE
VALL THICKNESS
fu" %

t

t = 060

d‘“ = Mguwbrane Design Stress
? = Design Pressure
R = Spherical Radius
t = Wall Thickness

@y = 150,000 pei (Maximuh)
P = 1,000 pei
R= 18 in

Jooo  x 18 < .060 in
2 X 150,000

Specification of Wall Thickness is:

-.000
+.003
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Force on studs

P= PTD2 _ 1000 x 3.14 x 162

D = 8tud bolt circle dismeter

F = 201,000 lbs,

Force per stud using 36-(1/4") studs

f = 201,000 = 5600 1bs/stud
36

Stress on studs

c= F 4 _x 3600 = 168,000 psi
A 3.14 x (.2062)2

2
- X _d
A d = Minor diameter of thread.

Specifications

36-1/4" studs made of 416 stainless steel heat treated to 4 ult = 190,000.

Stainless steel is chosen for its compatability with case material.

Stress on threads

f T ult
FEIS DT f —PE £ 40,000 (ritanium)

t = Thread thickness at P.D.
P.D. = Pitch Diameter.
n = Number of threads.
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Say 2 Inactive threads.

ne2 = 2600 ® 10,2 Threads
3.1‘ x .22. x 0019 x 40,000

n = 13 Threads. Using 28 threads per inch', there are 14
threads fin ,300 inches.

The minimm flange length, determined by stud thread length, {s
0.50 1ﬂ¢ho

The flange face should be two times ths stud dismeter. So the
face 1s 0,50 inch,

The mandrel sise datermines the sise of the inside dismeter of
the flange as scaled up from the 17" wmotor

d = l;.g?. x 7,062 + .708

d e 15,66 in,
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1.

36 in. dia, wmotor

(7

See Detail A

NE

iSO

«312 (for "0"=Ring)
CEE -100

.03 Chamfer
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"1 -"2

Wp + 510 % = Sy Mo =

MWop 829 % = Sy Mo - Byt T 4+ EHNet, - ra)
6, - o,

O10°% + Op % = on'qo Yo ’d'zn"'l"’

&y (a1, - 1.0)
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The stud eccentticity (d) with the centerline of the flange
can be varied somevhat and can be chosen to reduce the edge moment
(Mo) .

Say =~ 0625 in &£ d £+*.0625

vith positive d as shown in the skatch. An investigation shows
that with d chosen as .0625 the winimm edge moment (Mo) occures.
(Ref, page 13)

T= PR=1000 x 18 = 9000 #/in.

T1 -2 T‘-Con-f = 7983

Tp = T'S8ine = 9000 x ,462 = 4156 #/in,
AT, = .25 x #1356 = 1078 #/tn

Ped » 235 #in/in,

Ve .30

« = Joint Angle

« = 8N "1 _;ggg_ - 27.5°

SPHERICAL COFFFICTENTS*

R = 18.0 in, | A = 1,285 -:- - 22.26
t e .06 {n. (1-2¥%)

d = 180° o & = 152,50 K o=14 7 A cote

Sin ¢ w  L,461758
Cot ¢ = =]1,921

l+2V
Cos § = .88701 k2 = 1*"_1—,‘3 cot ¢

‘2 = 10069
S10 "-ARSn’e Ot UKD . 22,26 18 x 461752 (1.017 + .935)
| {4 Ex .06

§1q = 2780

8

- 2A Mo d . 2222262 x 46175 . 7499

§m X £ .06 % 1,017 -
10 = §ixn

* Raference: ROARK Page 272
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Oy = A3 L 4 x 22,23 o 40,169
TecRK; T .06 x 18 x 1.017 E
v e 335 PR28ind . .35 x 1000 x 182 x .46175
P Et Ex 006
§72,700
Wip = E
SHORT CYLINDER CORFFICIENTS *
r = 8,08 p - 1:283 . 639y
2ar
28 = .5
BL= 3197
L = 3 3
1 33
1 81,3 De
$2q ag o mqbe o 8136 = 1046
22 *3 ° o 3197 x B x 063933 X
1 S 1 3137
§ “en? * .4 ) """‘*I’L.nw :"i.%fﬂ" - )
ozq - ‘2!(
Ot = ] .
meglys sl = gl = FHF
8m - ni.w ’ ] )
- 2 1000 08?
W2p T2 - * :'”"l'"J" |
W2p -J.lg.dﬂ.
¥ Xalerencet WK X X-10Y
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(slq + S‘zq) Qo + (Sm L Sm)% -\llpl'“zp§8m (I'fz."d’
- JZQ.TI

(Fpa= G0 W+ (Oy+ Tp) K = Opat, = 1e0) - -1

3826 Q, -~ 4362 M, = 1,957 x 106
4362 Qp + 52711 My = 9.125 x 10°

QO. 1,140 Mg = 511,35
Qo + 12,086 Mo = 2091.93

10,944 My = 2603.43
% = 237.9

Q = 5115 +271.2
Qo = 782,7

is contained in every term of both equations and is divided out.

N

ty = Actual spherical thickness at joint
PR_ o

s O~ = 155,000

000

.?.tr + ﬁ;! = 133,000

155¢,2 = 9¢5 =1.428=0

N FLATRY Y
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to = ,13 in
My*™ Mo exp (-2W)

axp (FAW) = %ﬁ' - i%ﬂ- = ,0126

AW e 4,37

w - &ﬂ- -
22,26 +197 RAD

AU = 1103.

17
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CHECKS ON ANALYSIS

A check on the method of analysis and on the design criteria
is provided by the stress results obtained form the hydrostatic
pressure test of the 17 inch experimental case. These results
are shown in the Atlantic Research Corporation Stress Results Ra-
port (SR 205), The predicted stresses compare quite favorably
wvith the measured stresses at 1000 psi pressure,

Another check on the applicability of the method was provided
by an analysis of data from a destructive pressure test on a 4
inch spherical head at the Airite Corporation. The Vessel was
analyzéd using the same theory on the thin wall Joint. The fail-
ure occurred exdctly where the theory located maximm moments
because of edge shears and moments away from the Joint,
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INTERNAL EXPANBION CONE
P

e __Pxr _ * 0M e Membrane Stress
t cos«t P = Pressure
t = Wall Thickness

Materisl: 150 RPD
Tult = 26,000 in compression ¥*
0M = 20,000

¢ = 1000 x 7.8
20,000 x .94

t = 0‘161“
M.,8= % sle .3

Gult (1a tension)** = 6850 psi (Min.)

Minimm value of « for nozzle used for calculating ¢,

** Ref. Raybestos = Manhattan, Inc,
* Ref. Roark Page 268
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DISCONTINUITY ANALYSIS OF LARGE END OF INTERNAL EXPANSION CONE.
.2
23

17!

.
23R

Approximate scale {s 2:1

20°

ACTUAL DDMENSIONS

7.66R

1

s

7.83R
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TT R W R VRTYY "

Top M3p M3c
— Tl;
A f 2 3 [T Tac N 4
e |
YA qy @B Qs Q¢ Uc

LOADS ON IDEALIZED BODIES

DIMENSIONS AND EXTERNAL LOADS

BODY 1 BODY 3
Ry = 7,20 in R3 = 7.30 in
t, = .50 in t3 = .70 in
L; = 7.0 in Ly = .20 in
Tia = 3600 1b/in T3g = 3650 1lb/in
Via = 1310 1b/in Tac = 3650 1b/in
Py = 1000 psi P3 = 1000 psi
BODY 2 BODY 4
Rz - 70‘3 in, “ - 7.50 100'
tz - om 1“. u - o7° tnc
I = .05 fn, 4 = .23 1n,
Toa = 37135 1b/inm, Tec = 3560 1b/im,
Top = 3715 1b/in. T, = 3420 1b/in,
P, = 1000 psi Pe = 0 pot
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The influence coefficients, the l{nsar matrix resulting from the

discontinuity theory, the internsl moments and shear forces, and the

stress at each joint were calculated on an slectronic computer. Only
the necessary results are included.
Young's Modulus (E) ~ 1.87 x 106
Poissons Ratio () = .28
Linsar Matrix
u My % g « M x
.00303 .0885 - 00148 -,0886 0 [ 32.786
.0883 .0354 .0886 -.0354 "0 0 3116.1
00148 .0886 00377 | -.0825 00041 | -.00611 [ 32,905
-.0886 -.0354 -.0825 .0360 +00611 -.0611 -.1316.1
0 0 00041 .00611 .00136 -.00123 4.132
0 0 «,00611 -.0611 -,00123 .1034 36.237
INTERNAL MOMENTS AND SHEAR FORCES
QA = -=316.4 Qg =~ =283 Q¢ = =~217.5
Mo~ 1315 My = 928.7 Mg = 879
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DEFLECTIONS AND ROTATIONS
BODY DEPLECTION DEPLECTION ROTATION ROTATION
1EFT SIDE RIGHT SIDE LEFT SIDE RIGHT SIDE
1 .0485 .05577 0 04142
2 .05577 .05369 04142 .041428
3 .05369 06541 041428 .041428
4 04541 .03588 041428 041428
MERIDIONAL STRESS (S53) IN PSI.
BoDY 81 (INSIDE) | 8; ‘(ouTstmE)| 8, (INsIDE) | g (OUTSIDE)
LEFT SIDE LEFT SIDE RIGHT SIDE RIGHT SIDE
1 0 0 =324 -8965
2 «324 -8965 ~465 -8823
3 6158 16,590 5549 -15,980
4 - 5678 «15850 $584 ~15360
MINIMUM MARGIN OF SAFETY:
Tansion. M.8 = 8830 _; . 11
6158
. £6,000
Compression M:8 = 16, 590 1 = .57

177
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NOGP STRRSS ¢S;) 1IN. PSI.
BODY 82 (INSIDK) | 8; (OUTSIDE) | 8, (INSIDE) | S (OUTSIDE)
LEYT SIDE IETFT BIDR RIGHT SIDE RIGHT SIDE
- 1 -13,3%0 -13,350 -14,120 -16,280
2 . «14,120 -16,280 -13,630 -15,720
3 12,220 -17,900 ~10,250 «15,630
s -8,630 ~14,010 -7550 -12,790

MINIMIM MARGIN OF SAFETY:

HeS « 26000 o 3 & .45

Compression
17,900
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RETAINING FLANGE AND CONE.

—

MOTOR CASE

RETAINING FLANGE AND CONE

INTERNAL CONE

8TUD AND NUT

EXTERNAL CONE

+635R

ACTUAL DIMENSIONS

|
T.oa

—-—..5

MATERIAL;

Titanium
Yield = 125,000 PSI
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A L3
o V/ e 4@
tz t3
R1 R2 R,
IDRALIZED BODIES
B _
A
L Ge==4 =™
l "*1 5
U " Q |
— — - L
LOADS ON IDEALIZED BODIES.
BODY 1 BODY 2 BODY 3
Ry = 7.98 R = 7.75 Ry = B.65
Ll 025 lq - 1-5 L3 - 50
- t) .70 t; = .75 ty = .03
18>
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BODY 1

d
F<L

My = P+d + T. o

T = %B 1000 ’; 1:83 & 3915 1b/1n

F = 3915 x l&liz = 3775 1b/in

d « ,0625 e = 342

My = 3775 x ,0625 + 3915 x .342
M, = 604 + 1337

My = 1941 in 1b/in

The joints are analyzed using discontinuity
coefficients, linsar matrix, unknown wmoments and

theory. The influence
shear forces, and stress

were computated on the electronic computer. Only the necessary results

are here presented.

Young's Mondulus = 16 x 106 psr

Poisson's Ratio « .32
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LINEAR MATRIX
Q My QG Mg [ ¢
.000152 « 0004744 .00002576 - ,00004902 1.0595
-,0004744 004511 00004902 -,00005378 -8.4757
.00022576 00004902 .001337 .003992 0
- .00004902 -,00005378 .003992 01969 0
INTERNAL MOMENTS AND SHEAR FORCES.
Q = 1610,2 Qg = 85.25
HA - -1710.7 % ‘. -17094
DEFPLECTION AND REOTATION.
30Dy DEFLECTION DEFLECTION ROTATION ROTATION -
1EFT SIDE RIGHT SIDE 1EFT SIDE RIGHT SIDE
1 -,0525 -,02077 .1268 .1268
2 «,02077 +,033%9 ,1268 00438
3 +.0359 +.0124 00438 -.0624

Deflection 1in 4inches

Rotation

in radians
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MERIDIONAL STRESS (S,)
BODY 81 (INSIDE) | 8; (OUTSIDE)| 87 (INSIDE) | 8y (OUTSIDE)
LEFT SIDE LEFT SIDE RIGHT SIDE RIGHT SIDE
1 23,767 23,767 20,947 20,947
2 -100, 500 100, 500 ~119,000 119,000
3 ~119,000 119,000 0 0
HOOP STRESS  (S,)
BaDY 8, (INSIDE) | S, (OUTSIDE)| 8, (INSIDE) S, (OUTSIDE)
LEPT SIDE LEFT SIDE | RIGHT SIDE RIGHT SIDE
1 112,805 -97,59 -48, 350 ~34,945
2 105,140 64,366 28,140 104,686
3 28,140 104,686 23,007 23,007
. s = 125,000 _ .
" 19,000 - ' = 05
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SUBSCALE TEST

One lug was tested to give stress data for full scale design.
Specifically, the stress caused in the motor case by the loaded
lug was sought. Design requirements call for this case stress to
be less than 5000 psi. The test lugs are of the following dim-
ensions:

50D

4

load applied

at this point \

_»

250 Circumferenéial welds

X ¥

1.5
%5° .05
! .
——— 2.95 D —..'
3.70p '
p— \ . 490D ———
8.5 Spherical All dimensions in

inches unless noted.

M Radius
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SUBSCALE TEST

The subscale (test) load was taken as 1/4 of the full scals load.
This ratio was taken from the following loading condition on a sphere . *

F = total Porce

Membrane Stress:

’1‘32";5'

Bending Stress:

si-sz'-c&.'

* Reference: Roark Page 273
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SUBSCALE TRST
B and C are nearly linearly dependent on the parameter Br,

pr, = 1.285 rg V2
Rt

The purpose of the test i{s to simulate actusl stress conditions
in the cise, therefore the case stress in the subscale should equil
the case stress in the full scale. If B and C are kept equal for
both the subscale and the full scalse, then the Stresses will vary
only in the proportion of the term P/t2, To kesp the B and C of the
two cases equal, the Br, of the subscale (Bros) has to equal the BTo
of the full scale (Brop) .

The subscript & stands for subscale.

The subscript p stands for full scale.

Brop _ _Top x 'th-

t N
Brog 'ﬁtp Yos

1/2
L m
Top Tos | Rets ]

[ 36 x .06 ]1/2
17

Top © Tos x .03
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SUBSCALE TEST
o.o rop - 2 ro.
Fs ts? 03 2

187

Fp = pZ = (pg )" = 1/

FULL SCAIE LOAD

Fp (Total) = 1500# 10g = 15,0004
8

fp = _a.__.tlg ggg' = 5000 #/Lug

SUBSCALE LOAD

Fs = (.25) (5000) = 1250 #/Lug.

SUBSCALE TEST RESULTS

All gauges
parallel to
load line.

Location of strain 'nugu

Gauge B burned out during balancing.
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SUBSCALE TEST RESULTS

GAUGE WALL THICKNESS
A .033 inches
B .032
C .0325
D 032

G u_JE
Ty ™

= Stress

IR SIS

B
1V

= Modulus of Elasticity
Poisson's Ratio

= Measured Strain

= 25.715 x 10 pei

This valye was determined in the static pressure test of a sube
scale (Titanium) motor.

STRESS
LCAD GAUGE A GAUGE C GAUGE D
250 # 1930 pei 1285  pst 1030  psi
500 2940 1930 1805
750 5140 900 2640
1000 7070 -1030 2940
1250 6030 2940 3990
1365 COME FAIRED
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ANALYSIS OF CONICAL LUG,.%

(Subscale) m

Moo= g+ § o+ B A

cos

Ns@ (Hoop) = -e-z

N6 = 0
M = AT cosd-sine
P = BN cos?

P = CWgin 24

* Referencet Pligge Page 66
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ANALYSIS (Continued)
(Subscale)
g £ e 12%
4
‘e e = 2%

P = " cosne = 11324
¥ = £'gine = 5274
M = 1132 x .5 = 3566 i{né
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ANALYSIS (Continued) (Subsca le)

o = 28°
81 L .326
’2 - 2,20

Point 1 1is at weld of cone to end,

Point 2 1s at weld of cone to bage.

At 1

EF - RO R

NSO = %gé, - 529
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AMALYBIS (Continued)
(Subscale)

Stress at 1

s = B 182 o 33,100 rm

Cs0 = Ns @ % = 10,600 PSI

Stress at 2

°'--5£§ = 9760 PsI

g0 -.-ol;- = 1500 PSI

Yield 8tress of Alumimm (615-T6) used 1s 36,000 pSIw
If £' 4is increased to 1365 (Failure)

s = 36,100 PSI

Reference: ANC =~ 3
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DESIGN OF FULL SCALE LUGS.

f = 50008

P = 5000 x ,907 = 4530¢
F = 5000 x ,423 = 2110#4
M = 4530 x ,2 = 905 in#

905
A = T =77 =505 " 576

4530
B ® o= o2 = 2760
cC = . 2110 - 672

Using Titanium and & maximum stress of 150,000 psi, the wall
thickness of the conical lug should decrease from the top to the
base.
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DESIGN (Continued)
Top ——— n
%
pd <
Cone
|
7
8
STATION 8 Ns Ns 0 tw
1 o71 6465 1150 043 {n
2 1,0 4247 576 029
3 1,5 2647 256 .018
4 2,0 1918 144 013
5 3,0 1232 64 .009
6 4.0 910 36 007
7 5.0 729 23 005
8 5.63 632 18 L0048
t = _N_!
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)
—/ '
4375 D.\ B

1.0 ——-——.'

USING SIMPLE BEAM THEORY

6 - !IE (at Point A)

H-Px‘L-SOOO:.SBO-ZBBO
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Design (continued)

The original design criteria called for Top = 2 ros,
8ince stresses were 1.4 too high the base area should be
increased. An increase in base area by a factor of 1.4
wou'd increase the rop by 1.19. Therefore Top = 2,38 ros.
The base dimensions would be the following,

10" dia.
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17 INCH MOTOR
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00’

ts

nlt
. AN\ l

jo— 1, >

R = 8.5

ts = -03
t = 0“375
L - 0312
re ,‘0219
d L 00625
tj Lad 0111

REF, ARC
DWG No.
SK 5-23861

Loads On Idonuud Bodies
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SPHERICAL INFLURNCE COEFFICIENTS
) S ) 8.5
t = .03 A= 12073 o 969
o = 31.4 t
O - lw - 31.4 - 1‘306
Singe 521 X, = 14 22V) cotd
Cosd= 854 2 A
Cot ‘- "1.658
K, = 14+ (L& zV co
Kz - 100609
) |
21,63 x 8,3 x ,5212 x 1,957 3%%;
—_ slq - Ex ,03 ’ .
- 2.X 21,632 x 521 16,000
Sivw = Sy Ex .03x1,0152 = " F
.. . 33 156,360
M Luﬁ""‘:x.axa.sn.oxsz I
- 235 x 1000 x 8,52 - 43,914
Y1p E x .03 X
T = rau - 1000 x 8,3 . 42950
2
Ty » T8a = 4250 x .521 = 2214
Ty = T Coe = 4250 x 8% e« 3630
aT, = 2188 x 2214 = 490
Xl
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SHORT CYLINDER COEFFICIENTS

= 946

o L 4.219 B - I—.ZQ
V4.219 x .437%
t = 4375
L e .312 BL = .96 x ,312 = ,295

1 . 1092 _ 10,9 - 1304
D EeS E x .4375 E

§aq = —L— . — 104  _ sp
«295 (.946)3 g E
- & . 1,5 130,4
5 27 2957 * T TE
- —3_ 130.4 16,000
02“ (.295)3 * ToigE " E

- 2512
E

2

34,580

W, = 285 x 1000 x (4,219 - 34,580
2p E x ,4375 E

PR1 1000 x 4
F Ry " 7 x 435 = 182

F.d = 1882 x ,0625 = 117.6
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USING EQUATIONS DERIVED FOR 36 INCH CASE

(SIQ + qu) QW + (v - S'm)‘ Ho-"]_p-‘izp-b

by (aT2 = Fd) - &1y
(O29= 019 0 + (O + On) My = Bay (aTy = 7-0) i my

3777 Qo =~ 13,488 M, = 551,740

-13,488 Q, + 172,460 M, » 5,322,000
Q@ = 3.571 Mo = 146
~Qo + 12,786 My = 395

9.215 My = 541
Mo = 58,7
Q = 356

167¢2 4+ 4.25¢ + 352 = 0O

t = ,07 in
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xw -

-2u
L

exp (-AW )
AW

w

5000 at t = .03

o735

= M (Design formula)

213

4,35 o ,201 mAD

.201 x 57.35 = 11,5°



ATLANTIC REagARCH CORPORATION W
ALEXANDRIA,VIRGINIA

APPENDIX E
= INDUSTRIAL HYGIENE AND AIR POLLUTION CONTROL

206




AYLANTIC REsEarcH CORPORATION m

207

ALEXANDRIA,VIRBINIA

ARC-SR-23A1

INDUSTRIAL HYGIENE AND AIR POLLUTION CONTROL

It was thought that a review of the complete industrial-hygiene and
air-pollution control program in effect at that part of the Pine Ridge Experi-
ment Station devoted to work with beryllium would be more meaningful than
coverage of only the portion related directly to the work of this contract.

Accordingly, this section describes and gives the results of the entire program.

PROGRAMS AND PROCEDURES

Medical Standards and Controls

Physical fitness requirements and medical surveillance standards
adopted for the protection of personnel assigned to this program were described
previously.1 A scheduled annual re-examination and X-ray checks show no evi-
dence of health injury related to beryllium exposure, in any project employee.
In addition to the medical history records,2 a weekly weight record for each

project employee has been instituted.

Industrial Hygiene Standards

The industrial hygiene standards adhered to during this project are
those promulgated by the Advisory Committee of the United States Atomic Energy

Commission in 1949. They provide that: (1) in-plant atmospheric concentrations

1Atlantic Research Corporation, Annual Technical Summary Report, July 1,
1959 through June 30, 1960. Contract AF 33(616)-6623, Project No. 3059,
Task No. 30312, ARPA Order No. 24-59, Task 4, September 1960. CONFIDENTIAL.

2Atlantic Research Corporation, Annual Technical Summary Report, July 1,
1960 through June 30, 1961. Contract AF 33(616)-6623, Project No. 3059,
Task No. 30312, ARPA Order No. 24-60, Task 4, September 1961. CONFIDENTIAL,

E-1
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of beryllium should not exceed 2 u.gm/m3 as an average concentration through-
out an  8-hour day; = (2) even though the daily average exposure is no more
than 2 ugm/m3, no personnel should be exposed to a concentration greater than
25 ugm/m3 for any period of time, however short; and (3) in the neighborhood
of a plant handling beryllium compounds, the average monthly concentrations
should not exceed 0.01 “gm/mB.

Alr-Pollution Control Deyices

Alr-pollution control devices were the same as those already
described.1

Upnifo S Equi n

Uniforms and safety equipment during this contract were essentially
the same as those used previously. However, the Wilson #809 Respirator with
R520 super filters supplied by the Wilson Product Division of Ray-0-Vac Company,
Reading, Pennsylvania, was adopted for routine respiratory protection. The face
piece of this mask is made of softer rubber than that in the American Optical
respirator previously used and personnel found it both more comfortable and to
provide better fit over a wider range of facial contours than the masks it
replaced. Furthermore, with this respirator, the wearer may quickly check
for the adequacy of face-piece fit by occluding the inlet holes to the respi-

rator cartridge, a maneuver not possible with the American Optical respirator.

Beryllium-Contaminated Trash Disposal

An incinerator for burning beryllium-contaminated trash and waste
beryllium propellant was installed in the large firing chamber. The incin-

erator consists of a steel trough 30 inches wide by 5 feet long with a

Ibid.
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kerosene-fueled blast burner (Blackwell TD-10-X5) mounted on the upstream
end of the trough to (1) evaporate the water with which some batches of trash
are inserted and (2) ignite the wastes. The incinerator is fed remotely
through a chute located in the side of the firing tunnel. When operating
with water-saturated wastes, the capacity of the incinerator is approximately
one 30-gallon drum of waste per hour. During operation, the combustion air
enters the firing chamber through the thrust-stand end of the chamber and is
exhausted through the Pease-Anthony Scrubber to the atmosphere. The large
volume (approximately 7,000 cu ft) within the chamber is sufficient to absorb
any surges in gas evolution as a result of detonation of chunks of waste pro-
pellant or ignition of solvent vapors without the exhaust products surging out

through the air inlet.

Monitoring Program

Air and gas samples were collected routinely to evaluate process
operation, industrial-hygiene hazards, and air-pollution control efficiency.
The system used for classification of these samples has been reported previously1
and is followed in the report of analytical results in this section. Within
each class of sample, the sampling rate was maintained uniform from sample to
sample so that a volume weighting of a number of samples also results in a time-

weighted average.

The high-volume samplers Previously used as perimeter samplers were
replaced by a positive-displacement sampling train. This sampling train con-
sists of a laboratory-designed filter support fitted with an 11-cm Whatman
No. 41 filter paper, a positive-displacement Sprague Model 240 dry gas meter
equipped with suction gauge and thermometer, and a 5-cfm Bell and Gossett o0il-
less vacuum pump. A running-time meter in parallel with the vacuum-pump motor

permits recognition of any interruption in power supply to the device and the

libid.
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duration of such interruption. These samplers have proved to be much more
reliable, and precise for sample volume indication, and maintenance problems

have been greatly decreased as compared with the samplers previously used.

Surface wipe samples were collected routinely through the early part
of the program (1) to evaluate the adequacy of clean-up and housekeeping
operations in areas where beryllium was handled and (2) to detect and quanti-
tate any dissemination of beryllium by foot traffic and/or dust fall. Samples
were collected by scrubbing a measured area of the surface under investigation
with filter paper or cellulose wipes wet with distilled water. Surface wipe
sampling, however, was discontinued as the experience of the technical per-
sonnel increased and regularly scheduled clean-up of all areas was considered

adequate.

The results of the industrial-hygiene monitoring program are shown
in Tables I and II.

It is to be stressed that the values presented in these tables are
not to be considered average values for the site. To economize on sampling
and analytical time and cost without sacrificing sensitivity in our ability
to detect deteriorating or unsatisfactory operating conditions, major emphasis
was placed on sampling the potentially troublesome areas. Areas which, on the
basis of past experience were known to have consistently low levels of beryl-
lium contamination, were sampled only rarely. Many of the high levels reported
occurred as a result of a series of trash fires in the hot-trash waste dis-
posal cans in the beryllium propellant laboratory. On each such occasion, a
large number of samples were taken during and immediately after the event to
provide guidance in decontamination and clean-up and to provide good histori-

cal coverage.

Analytical Techniques

The "ZENIA" colorimetric procedure described in the second Atlantic

Research Corporation Annual Technical Summary Report,1 has been replaced by

I1bia.
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a modification of the Owens and Yoe colorimetric method. A number of im-
provements have been made in adapting this procedure to the requirements of the
project. A detailed analytical technique is presented in Appendix F of the
third Atlantic Research Corporation Annual Technical Summary Report.I Chief
problems encountered with this procedure have been pH control, positive inter-
ferences from other metals, and cross-contamination from adsorption of beryl-
lium on analytical glassware. The latter problem is still not solved and is
temporarily being met by discarding glassware contaminated by high-beryllium-

level samples.

Late delivery, mechanical and electronic difficulties, and the un-
availability of adequate calibration standards prevented the use of the National
Spectrographic Laboratory Beryllium Monitor for routine industrial-hygiene con-
trol and monitoring. A more detailed discussion of the difficulties experienced
with this instrument and a tentative evaluation of the limitations and capa-
bilities of the instrument are separately presented in Appendix F of the third

Atlantic Research Corporation Annual Technical Summary Report.

SPECIAL PROBLEMS

The number and variety of beryllium-using projects being carried out
has led to an increase in the number of individuals handling powdered beryl-
lium. As a consequence, the quality of industrial-hygiene discipline has,
at times, been lower than is attainable with a crew of long experience. In-
tensified industrial-hygiene monitoring was used during training periods, and
it is under such circumstances that many of the high wipe-sample readings were
obtained. In all cases, it was possible to reduce indicated high levels to
normal, acceptable values by an intensified effort to tighten housekeeping and

clean-up procedures.

1Atlantic Research Corporation, Annual Technical Summary Report, July 1, 1961,
through June 30, 1962, Contract AF 33(616)-6623, Project No. 3059, Task
No. 30312, ARPA Order No. 24 Amendment 38, September 1962. CONFIDENTIAL
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The replacement of a plastic-film glove box by a rigid-walled glove
box with more adequate and easily operated seals and pass-through ports sub-

stantially lowered the incidence of high readings in the area of the box.

The trash-can fires previously referred to were apparently initiated
by exothermic reaction of waste propellant ingredients from developmental work.
In all such instances, personnel involved were either wearing respirators or
donned them immediately. Exposures of unprotected personnel to concentrations
above the acceptable tolerances were not experienced. In the instance of a
spill of beryllium powder, which was the cause of the highest reading of the
year for air samples in the process areas, the operator was wearing a respi-
rator. This incident indicates the value of the standard operating procedure
of wearing respirators when hand-carrying powdered beryllium, whether in a

closed container or not.

The fires and the spill occurred in areas which were easily isolated
with no danger of significant contamination to other areas. Samples taken
during these occurrences showed a rapid decay in airborne beryllium concen-
trations, and clean-up in the areas was accomplished quickly. Respiratory

protective equipment was used during such clean-up.
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